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SECTION 7 
OSCILLATOR CIRCUITS 
PART A. ELECTRON TUBE CIRCUITS 


L-C OSCILLATORS. 

The L-C type of oscillator uses a tuned circu:t con- 
sisting of lumped ond distributed inductance and lumped 
and distributed capacitance connected as a series or 
parallel resonant (tank) circuit to determine the frequency 
of operation. Series resonant tanks are sometimes, but not 
often, used depending on the oscillator circuit selected. 
Operation is normally in the radio-frequency range (opera- 
tion in audio range may occasionally be used). Cscilla- 
tion is achieved by the application of positive (reyenera- 
tive) feedback from plate (or any other element) to grid 
through external or internal capacitance or inductive 
coupling, dependina upon the particular circuit conficura- 
tion. 

Class C operation is usually employed for power os- 
cillators, and Class A operation is used for test equip- 
ment oscillators where waveform linearity is important. 
Class B operation is normally not used, but may occasion- 
ally be encountered. 

Efficient circuit cperation and maximum frequency 
stability are achieved with o tank circuit having a high 
loaded Q (this is equivalent to low Q, or high C to L ratio). 
This is produced for parallel-tuned tanks by using a large 
tuning capacitance (high C) with a small inductance. For 
series-tuned tanks a high L to C ratio is used to achieve 
the same effect. Normally the inductance of the tank cir- 
cuit femains fixed, and the capacitance is the variable 
tuning element. Inductive tuning may be encountered, 
particularly in the low- and very-low-frequency r-f ranges. 

Grid-leak bias is generally used for self-excited 
oscillators and may be either shunt or series (see 
Section 2, paragraph 2.2.2), with the series form predom- 
inating. Either shunt or series type plate feed is employed, 
with shunt feed being used for those applications where it 
is desired to isolate the tank circuit from de. Generally 
speaking, oscillator operation is basically independent of 
the type of bias or method of plate feed. For design pur- 
poses the oscillator is considered as a Class C amplifier 
with a feedback loop, operating at the same voltages and 
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I] power out- 


Although there are a number of types of L-C oscilia- 
tors, and each type has a particular advantage or feature 
claimed for it, they are usually all operable over the range 
tor which tuned circuits can be aeveioped. Therefore, 
their ranges of operation many times overlap, and the 
particular circuit used may be selected only because of the 
desiamer’s preference or previous familiarity with the cir- 
cuit. In addition to the constant frequency, and thermal end 
mechanical considerations afforded by the tank circuit, 
the plate resistance and amplification factor of the tube 
used, plus tube element capacitances and stray wiring cap- 
acitances, determine the oscillator performance toa 
. Most circutts can be arranged so that the 
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tuning element can be grounded to prevent hand capacitance 
effects, although it may be mechanically or economically 
unfeasible to use some of these circuits. 

The figure shows both series and shunt plate-voltage 
feed arrangements. The series feed arrangement is easily 
tecognized by the fact that the plate voltage is applied 
through the tank circuit. Capacitor C) bypasses the tank 
to ground for rf, so one end of the tank is at r-f ground 
potential, and the tuning capacitor is effectively grounded 
to eliminate hand capacitance effects. The tonk, however, 
is at full d-c (and r-f) potential and dangerous if touched 
{for high applied voltage). The identifying characteristic 
of the shunt feed arrangement is that the plate of the tube is 
connected to B+ through an r-f choke, ond coupled through 
C, ta the tank. Fffectively, the tonk 0 ‘ 
but is coupied for rf. in most shunt-teed circunts the tank 
eepacitor can be grounded directly rather than through « 
bypass capacitor. Usually shunt feed is avoided where a 
large range of freqiencies is to be covered (particularly 
at the higher frequencies) because of parasitic oscillations, 
or dead spots, resulting from unwanted resonances of the 
t-f choke ond tube or wiring capacitances. 
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TICKLER-COIL OSCILLATOR. 


APPLICATION. 
48 

The L-C tickler-coil oscillator is used to produce a sine- 
wave output of relatively constant amplitude and fairly 
constant frequency within the r-f range. The circuit is gen- 
erally used as a local oscillator or beat-frequency oscillator 
in a superheterodyne receiver. 


CHARACTERISTICS. 

Utilizes an L-C tuned grid circuit to establish the 
frequency of oscillation. Feedback is accomplished by 
mutual inductive coupling between the tickler coil and the 
L-C tuned grid circuit. 

Operates Class C with automatic self-bias. 

Frequency stability is fair. 

Output amplitude is relatively constant. 


CIRCUIT ANALYSIS. 

General, Oscillations of a tuned circuit will tend to 
die out at an exponential rote and will finally cease, unless 
energy is replaced at regular intervals. For oscillations 
to be sustained, sufficient energy must be supplied to over- 
come circuit losses. The use of an electron tube as an 
amplifier provides the additional energy necessary to 
sustain oscillations. The energy applied to the tuned cir- 
cuit must be of the correct phase relationship to aid the 
initial oscillations and of sufficient amplitude to overcome 
circuit losses in the tuned circuit. 

The circuit used to provide this type of feedback is 
called a regenerative circuit, and the energy supplied is 
called positive feedback. In the accompanying circuit 
schematic the tuned LC circuit is designated as L1, Cl; 
the tickler (feedback) coil is designated as L2. 
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L-C Tickler-Coil (Armstrong) Oscillator 


Circuit Operation, The accompanying circuit schematic 
illustrates a triode electron tube in an L-C tickler-coil 
oscillator circuit. Inductance L1 and capacitor Cl form 
the resonant grid circuit. Inductance L2 is the plate, or 
tickler, coil and is mutually coupled to L1, to couple a 
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feedback voltage to inductance Li by transformer action. 
Capacitor C2 and resistor Rl form an R-C circuit which 
is used to develop the operating bias. Capacitor C3 func- 
tions as an r-f bypass to place the B+ terminal of tickler 
coil L2 at signal ground potential. Resistor R2 isolates 
the B+ line from the rf signal and ond also serves to reduce 
the input voltage applied to the oscillator circuit. Capacitor 
C, is the output coupling capacitor. 

For the following discussion of circuit operation, 
refer to the accompanying illustration of oscillator grid- 
signa! voltage and plate-current waveforms. 


Theoretical Grid-Voltage and Plate-Current Waveforms 


Initially the tube is ct zero bias (to on waveform 
illustration) to permit the circuit to be self-starting. When 
input power is applied to the circuit, the tube conducts be- 
cause of the lack of operating bias. As the plate current 
incteases through tickler coil L2, an expanding magnetic 
field is built up cround the tickler coil. This expanding 
-field causes an increasing voltage to be induced in induc- 
tance L1 of the tuned circuit, and this voltage is of such 
polarity that the grid of V1 is made positive with respect 
to the cathode. The positive grid condition increases the 
flow of plate current, which further increases the field 
about tickler coil L2; consequently, the voltage induced in 
inductance L1 increases and the grid is driven further in 
the positive direction. This process continues until 
saturation is reached, ct which time no further increase in 
plate current can take place (point « on waveforms). 

During the period of time that a charging voltage is 
induced in inductance Ll, capacitor Cl charges to 
maximum; also, capacitor C2 receives a charge as the 
result of grid-current flow through the low internal 
cathode-to-grid resistance of the tube. 
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When the plate current reaches saturation, a steady 
(unchanging) magnetic field is produced about tickler coil 
L2, and, as o result, 2 voltage is no longer induced in 
inductance Ll. ‘With no induced voltage present , capacitor 


of V 


The positive voltage on the arid of V1 decreases as cap- 


acitor Cl 
acitor Ol discharges through inductance 


decrease in the grid voltage causes the plate current to de- 
crease pelow the saturation value. The decrease in plate 
current through tickler coil L2 causes the magnetic field 
about the tickler coil to decrease and start to collapse, and 


discharges through inductance Li, and this 


aye to be induced in 


of the induce: 


thus causes an increasing 
thus causes an increasing vo. 


d volt- 
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the magnetic field about tickler coil LZ was expanding. 
Hence, the induced voltage causes the grid of V1 te be 


driven nedative with res gect to tie cathode, and the 9} 
icf 


occurs, the grid of V1 becomes increasingly negative until 
a value is reached which prevents any further dectease in 
plate current (point b on waveforms). (The voltage induced 


in Li during this time aiso aids the discha.ye of C1.) 
At this instant, capacitor 
é , 


C2 starts te discha: 
th decreasing sligntly the 
negative potential existing between the grid and cathode 
of VL. Also, capacitor Cl discharge: inrough inductance 
L1, preducing an expanding ‘magnetic field about induc- 
tance Ll: when capacitor C] is completely discharged, 
th id begin tr colleese. ‘The collapsing 


produces a volt- 
or Cl and 
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aiso arives the grid of Vlino positive dire icon. As th 
grid of V1 becomes tositive with respect to the cathode, 
plate current begins to flow through tickler coil L2, The 
magnetic tieid produced anout uckler coli L.2 again increas- 
es and induces « voltage in inductance L1, which drives 
the grid still further into the positive condition. Grid cur- 
yent again flows through the internal cathode-to-grid resis- 
tance of the tube to preduce o negative charge on capacitor 
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Momentarily, when the signal is less positive, grid current 
ceases to flow, and capacitor C2 discharges slowly through 
grid-leak resistor Rl. Since the value of Rl is large, nly 
a small amount of charge is lost by capacitor C2 before 
the signal again is sufficiently positive to cause the grid 
to again draw current. As a result of this automatic 
charge-discharge action, an average value of negative bias, 
approximately the value to which capacitor C2 is being 
charged, is developed across Rl, between the grid and 
cathode. Whenever the signal amplitude tends to increase, 
additional grid current flows through the internal cathode- 
to-grid resistance of the tube, and, therefore, capacitor C2 
is charged to a higher value. Consequently, the bias voltage 
also increases, and the resulting effect is to decrease the 
¥ e tube. As the asin of the tube decreases, the 
output-signai ievel aiso decreases and returns to 
approximately its origina! amplitude. Similorly, when the 
signa! amplitude tends to decrease, there is a decrease in 
bies voltage and an acccmpanying increase in the gain of 
the tube. As the qain of the tube increases, the output- 
signal level also increases and returns to its original 
amplitude. Thus, through the regulating action of grid- 
leak bias, the circuit operation is stabilized, and the 
amplitude of the output is held essentially constant. 

The oscillator output frequency is determined primarily 
by the values of inductance L1 and capacitance cl 


1 
at resonance (fo yoo although interelectrode 


capacitances of the electron tube and distributed capaci- 
tances and inductances of the circuit also have an effect 
upon the oscillator frequency. In most circuits a variable 
capacitor is used to change the frequency; however « 
variable inductance can be used with a fixed capacitor to 
accomplish the same purpose. 

‘The oscillator output, which is taken fron. the tuned 
circuit, is generally capacitively coupled (C-) to the 
associated load circuit; however, inductive coupling may 
also be used with the output coupling coil being mutually 
coupled to L} near its ground end. 

Tuned-Plote Version. The circuit description above 
covered the basic Armstrong circuit, in whigh the tank 
cuit (tuned grid) and the tickler coil 
. Another cirenit version in which 
fs Y reversed is called the tuned-plate 

In this circuit, the tank is in the plate cu... :t and 
the tickler (feedback) coil is in the grid circuit. The opera 
tion of this oscillator is identical t> that of the tened- 
arid circult, except for jimitations imposed by coupling be- 
tween the plate and grid. This coupling limits the range of 
oscillation in the tuned-grid version, but not in the tuned- 
plate version. Actually, the tuned-plate oscillator is 
considered less susceptible to frequency changes caused 
nly voltage chenges thon the tuned-arid oscil- 
lator. The schematic of the tuned-plate circuit is shown in 
the following illustration. 
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Tuned-Plate Armstrong Oscillator 


The parts in the tuned-plate oscillator are labeled the 
same as in the illustration of the tuned-grid oscillator, for 
comparision. The differences are the use of shunt plate 
feed in the tuned-plate circuit instead of what is essential- 
ly series plate feed in the tuned-grid circuit and the use 
of series grid-leak bias instead of shunt grid-leak bias. 
Actually, the use of shunt or series feed does not change 
the method of operation; it merely illustrates possible cir- 
cuit variations. Grid-leak components Rl and C2 operate in 
the same manner as described for the tuned-grid version, 
and C3 is a plate blocking and coupling capacitor instead 
of an t-f bypass. Note that plate dropping resistor R2 is 
replaced by radio-frequency choke RFC, which keeps the tf 
from being shunted to ground via the power supply filter capaci- 
tors. When the circuit is energized, the flow cf plate cur- 
tent produces tank circuit variations through L2, and an 
in-phase voltage is fed back through grid (tickler) coil L1 
to sustain feedback exactly as described under L-C cir- 
cuit operation for the tuned-grid circuit previously discus- 
sed, The grid leak formed by R1 and C2 controls the ampli- 
tude and grid bias. 

Detailed Anotysis. Since the oscillator is considered 
to be a Class C amplifier with a feedback loop, a rigorous 
mathematical analysis is complex because the circuit op- 
eration is inherently non-linear. The analysis can be 
greatly simplified by using the equivalent plate circuit, 
togethe: with a few assumptions. This method of analysis 
is helpful in determining the conditions necessary to pro- 
duce sustained oscillations and in determining the basic 
frequency of oscillation. With this approach, it is custom- 
ary to neglect the flow of grid curreni, but to bear in mind 
that its effect must be considered and the final results 
modified to take the grid current into cccount. Actually, 
losses due to grid current can be treated as an equivalent 
joss in the tuned circuit. 

The a-c equivalent circuit for the tuned plate oscillator 
is shown below. Assuming that the currents are sinusoidal 
and neglecting grid current flow, Kirchhoff’s laws and 
‘thevenin‘s theorem can be applied to this circuit to obtain 
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the limiting parameters that determine oscillation and 
frequency. 
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Tuned Plate Equivalent Circuit 


Mathematical analysis of the equivalent circuit for the 
tuned-plate oscillator shows that the critical value of 
coupling is: 


Mx be + Cty a) 


which gives the minimum value that M can have and still 
allow the circuit to oscillate, To satisfy this condition, 
M must be positive and: 


ao ee, te 
SMT Mes (2) 


Thus, the coupling between grid and plate coils must 
exceed the minimum value indicated in equation (1), and 
must have the sign to produce a positive grid voltage 
component when Ip is increasing (this is the condition 
tequited fot regenerative feedback). The frequency of 


oscillation is determined by: 
Loy |] R+tp 
ime) tp 


It is evident from (3) that the frequency of oscillation is 
affected to some extent by the resistance of the load, as 
well as the plate resistance of the tube. With tp >> R to 
provide better frequency stability (which condition normally 
exists), we can say that for all practical purposes, 


Ritp  salh+ BR orf] 
tly Crp ° Tp 


we! 
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distributed capacitance that tunes Lp. 


orf= , where C includes all of the stray and 
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A similar analysis of the tuned-grid circuit can also 
be made by using the equivalent circuit shown belew. 


Tuned-Grid Equivalent Circuit 


Tn this instance it can be demonstrated that the requirement 
for oscillation is: 


=e 


& 


es 


Since the quantity M appears in the denominator of one 
term and in the numerctor of the other, the value of gm is 
large for both high and tow values of M, with a minimum 
value existing somewhere between. This is to say that in 
the tuned-piate circuit, while there is ¢ critical volue of 
coupling below which oscillstion will not cccur, there 
no limit to the maximum value of coupling; although piate 
current and output may be reduced as a consequence, oscil- 
lation will still occur. For the tuned-grid circuit there 
exists both a lower and an upper limit; thus 1f the value 

of coupling is too low of or too high, the circuit will not 
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advantages however, it appears to be of academic interest, 
since it is only true for 1 large values of L, and C. 
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small as compared with tp, the quantity (Lat, + L, pRg) is 
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nearly identical with Lgrp. Equation (5) may then be re- 
written as: 


(6) 


‘lhe tuned-grid circuit is similar to the wned-pigie versiun 
in that the ratio rp/R should be as large as possible for 
good frequency stability. Cne other fact may readily be 
seen if equation (5) is rewritten as: 


fs fo a) 
ie thy 


1 Lgtp 


where fo is the some as in equation (6). 

Since the cperatina frequency of the oscillator is equal to 
the tank resonant frequency divided by a number slightly 
greater than unity, the operating frequency is slightly less 
than the natural resonant frequency of the tank circuit. On 
the other hand, the tuned-plate version has a higher fre- 
quency of oscillation than its tank circuit, as shown by 
equation (3). Thus, at the operating frequency, the tuned- 
grid tank appears as an inductive reactance, and the tuned- 
plate tank appears as a capacitive reactance (neglecting 
the effect of resistance, which is of academic interest 
only). 

Vector Diagram. It is sometimes more helpful to use 
vectors to show the relationships of the various currents 
and voltages in the circuit. The iigure below shows the 
vector diagram for the tuned-olate circuit. In this flaure, 


tg=wMit = —— A eg 
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Tuned-Plate Yector Diagram 


The voltage “Hey is used as ¢ 


reference. eg is about 180° 


Sreceding the real quantity “Heg. The direction of ine may 
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be established from the fact that eg (the voltage induced 
in Lg) equals-jwMitp, and must lag inp by 90° because 
of the -j coefficient. Similarly, it can be seen from the 
d-c equivalent circuit, that itp will lag ep by something 
less than 90° because of the resistance R in series with 
the coil, The amount of phase difference between ep and 
inp will depend on the Q of the coil, being closer to 900 
with higher values of Q (wL/R). This makes ep lag- peg 
by some small angle, which is dependent on the circuit Q. 
ic, since it is considered purely capacitive, will lead e, by 
90°. The vector sum of iptp and ep must equal -pe,, 
For this to be true, iptp must lead -te, by some small 
amount, and since the current through a resistance is in 
phase with the voltage drop across it, ip may be shown as 
leading -ueg. Thus with ip having a leading phase angle, 
the tuned plate circuit is shown to be capacitive as was 
also proven in the mathematical analysis, Note that ip is 
the vector sum of ic and ip; therefore, ic must be the 
larger quantity. 

The tuned grid circuit may be similarly represented by 
means of a vector diagram as shown below: 


Tuned-Grid Vector Diagram 


As with the tuned-plate oscillator, the vector representing 
the voltage -yeg is used ds a reference; eg is aqain shown 
displaced 180° from -weg. Since the plate circuit is induc 
tive and resistive in nature, plete current ip will lag -weg 
by a small angle, & This angle will be small because r,, 
>> jwLp. The voltage induced in the secondary circuit, 
@1na, Will lag ip by 90° since eina equals-{wMi_p. The 
voltage eing may be represented by a generator in series 
with the grid circuit. It was shown in the mathematical 
analysis that the oscillator operates slightly below the tank 
frequency; therefore, the capacitive reactance of C will be 
slightly larger than the inductive reactance of Ly, Viewing 
the grid circuit as a series circuit in relation to eqna, it is 
seen that the secondary current (ig) is slightly capacitive 
and will lead eng by a small angle. Since qrid voltage eq 
is the same as capacitor voltage ec, it wil! lag current is 
through the capacitor by 90°. From inspeciion of the vector 
diagram, it can be seen that angle @is the same as the 
angular difference between eing and ig, Higher values of 
circuit Q will tend to diminish this angular difference, thus 
diminishing angle~ and improving the stability of the 
oscillator. 
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FAILURE ANALYSIS. 

No Output. If the circuit is in a non-oscillating condition, 
negative gtid bias will not be developed; as a result, the 
applied plate voltage will be below normal because of the 
passage of additional current through the dropping resistor, 
R2, Excessive circuit losses present in the resonant cir~ 
cuit or the tickler (feedback) coil will prevent sustained 
oscillations. Reduced tube gain will also affect stage 
regeneration; changing values of the grid-leak bias com- 
ponents, Rl and C2, will directly affect the operating bias 
and, hence, the Class C operation and gain of the tube, 

Reduced or Unstoble Output. A relative indication of 
oscillator output is provided by the amount of bias voltage 
developed across Rl, This negative bias voltage is nor- 
matly from 2 to 40 volts, depending upon circuit design 
and the applied plate voltage, 

A reduction in the applied plate voltage will cause the 
output to be reduced. An unstable voltage source will 
cause the output to be unstable in amplitude, and may also 
produce some frequency instability. Losses in the tickler 
(feedback) coil, due to shorted turns or poor soldered con- 
nections, can cause reduced output or unstable operation 
resulting from changes in amplitude of the feedback signal 
coupled into the resonant circuit (Ll, Cl). 

Incorrect Out +t Frequency. Normally, a small change 
in output frequer. an be compensated for by realigning 
or adjusting the v.. ble component of the L-C resonant 
circuit, assuming th. all component parts of the circuit 
are known to be satisfactory. Since L) and L2 are mutually 
coupled, any change in inductance of one coil will have an 
effect upon the inductance of the other. Thus, if several 
tums of tickler coil L2 should become shorted, the resonant 
frequency of L1, Cl will likely be affected and the output 
frequency will change. This condition is also likely to re- 
duce the oscillator output, since L2 is the means by which 
feedback or regeneration is accomplished. Furthermore, 
changes in distributed circuit capacitance, changes in the 
value of output coupling capacitor C4 and its associated 
circuit load, or changes in the value of ref bypass C3 will 
produce a change in the resonant frequency of L1, Cl; 
thus, the output frequency will depend upon the amount of 
reactance reflected into the tuned circuit (Li, Cl). 


HARTLEY OSCILLATOR. 


APPLICATION, 

The Hartley oscillator is used to produce a sine wave 
output of constant amplitude and fairly constant frequency 
within the r-f (and sometimes audio) range. The circuit is 
generally used as a local oscillator in receivers, as a sig 
nal source in signal generators and as a variable-frequency 
oscillator over the medium- and high-frequency ranges. 


CHARACTERISTICS. 

Uses on L-C parallel-tuned circuit to establish frequency 
of oscillation, with the inductance connected as an auto- 
transformer between grid, cathode, and plate to provide 
the feedback needed for oscillation. 

Operates Class C with automatic self-bias for ordinary, 
of power, operation and Class A when output wavetorm lin- 
earity is important. 
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Frequency stability is only fair, but better than that of 
the Armstrong oscillator. 


CIRCUIT ANALYSIS. 
General. A sinewave Suteut may be obtained from an 
oscillator utilizing a tuned L-2 circuit. Tne L-C circuit 
(commonly called u iguk ciccuit) determines the fequency 
at which oscillation will take place. At any particular 
instant of time, the opposite ends of a iuned inductance 
are at different polarities, or 180 degrees out of phase. 
Likewise, the grid and plate of a triode are 180 degrees 
out of phase. Therefore, connecting the tuned circuit to 
tne grid and plate of the triode will not affect the Lerma 
of operation, When the cathode is tapped to the 


of the tuned clreuit and eathode current tows 


tield will be produced between the cathode-to-plate tan 
of the inductor. A voltage will be induced in the turns of 
the inductor connected between the cathode and grid by the 
cathode current tlow, and the polarity of the induced velt- 
age wiil be in the proper direction to cause an increase of 
cathode current. Thus, a positive regenerative action is 
produced by the tapped, tuned-tank circuit connected be- 
tween the electron-tube elements. As long as feedback is 
sufficient to supply the losses in the tuned circuit, con- 
tinuous, undamped oscillations ate produced. 

Cirevit Operation. The basic Hartley oscillator cir~ 
cuit is shown schematically in the foliowing illustration. 
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Shunt-Fed Hartley. The circuit for the shunt-fed 
Hartley oscillator is shown in the following illustration. 
Grid bias is developed by Rg and C., connected in series 
between the tuned circuit and the grid of the triode tube. 


Shuat plate feed is accomplished by connecting the tu 


circuit to the plote through Cy, which isolates the tank for 


de, but connects it to the plate for rf current flow. -tadio- 


frequency choke RFC offers a high impedance to the rf, 


which flows through the tank circuit and not through the 


power supply, but it permits the de to flow to the plate. 
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Shuat-Fed Hartley Circuit 


manner in which oscillations occur and the automatic 
amplitude teguiaiion bw gtid- jeuk bias are identical tor 

both the Hartley and tne Armstrong oscillators. Refer to the 
previous discussion of the L~C tickler coil oscillator for 

peiey explanation of this action, tnd assi 
tion of tor L, is the tickler coil. 


The use of o aigh-C tank circuit, consisting of 2 and 
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aroun? tne plate voltaye supoly. The overztion of the cir- 
cuit is otnet vise identical to that of the 
oreviously described. 

Detailed Analysis. The analysis of the Hartley oscil- 
lator is similar to that of the tuned-plate Armstrong oscil- 
lator previously discussed. The equivalent circuit is 
shown below labelled exactly as in the previous example. 
Since the tank coil is now tapped, the total tank induct- 
ance, L, is Lp + Lg + 2M. Resistors R and R, are equal 
to the r-f resistances of Ly and Lg, respectively. 
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Hartley Equivalent Circuit 


Analysis of the Aartley circuit snows that the anyular 
frequency ist 


W=Wo a (1) 
te+ R(u+ D 
wh =Y I 
PE Wo cH 


As in the case of the tuned-plate oscillator, when no power 
is taken from the circuit, the frequency is oractically 
given by: 


1 
f= 
Qa VOTS 
where Lt = Lp + Lg + 2M, or the resonant frequency of the 
tank circuit. Thus while the oscillation frequency is 
slightly lower than the tank frequency, if a high r, and a 


small R are used, the tank will govern the frequency. 
The criteria for oscillation is that: 


HR + Ri) CLT 


(2) 


(3) 


gm = 
(Lp +M) {u (Lg +M) - (Lp+M)] 

Examination of equation (3) indicates that even with M at 
zero the equation will be satisfied; therefore, oscillation 
can occur even when there is no inductive coupling be 
tween the plate and grid circuits, the feedback being capac- 
itively coupled through C. As might be suspected, since 
the criterion for oscillation is net critical, the Hartley cir- 
cuit oscillates easily. 

Vector Diagram. The relationships between the cur- 
rents and voltages in the circuit are shown in the vector 
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diagram below. Refer to the equivalent circuit drawing 

tor easier understanding of the development of the vector 
diagram, 


Hartley Vector Diagram 


The voltage -ueg is used as a reference vector, and 
eg is 180° out of phase. It was pointed out in the math- 
ematical analysis that the Hartley circuit operates slightly 
below tank resonance; therefore, the tank circuit will 
appear resistive and inductive, causing ip to lag -Heg by a 
smell angle, and ep, the voltage across the tank, to lead 
by a small angle. The current itp will lag ep by some 
angle less than 90° dependent on the Q of that branch. 
The current ic will lead ep by some angle less than 90° 
since that branch is largely capacitive. The voltage in- 
duced in the grid coil, -j@Miip, lags itp by 90° as indic- 
ated by its -j coefficient, while the positive component 
(+}wiclg), will lead ic by 90%. Grid voltage eg is the 
vector sum of the voltages developed across the grid coil 
Lg. Note that with higher values of circuit Q the voltages 
developed across the grid coil will more closely approach 
in-phase quantities, and the angle between ip and ep will 
also diminish, thereby improving oscillator stability. 


FAILURE ANALYSIS. 

No Output. If the circuit is in a non-oscillating 
condition, negative grid bias cannot be developed; as a 
result, the applied plate voltage may be below normal 
because of the additional current drain unless the power 
supply is well requlated. For this condition, the plate 
current will be much higher than normal. Excessive cir- 
cuit losses in the resonant tank circuit will prevent 
sustained oscillations. Reduced tube gain (if sufficient) 
will also affect oscillation. Changes in value of the grid- 
leak bias components, Cg and Re, will directly affect the 
operating bias, and hence the ciass of operation and over- 
all gain of the tube. Such changes, if sufficient, may 
cause a loss of oscillation. Too high a value of grid leak 
resistance may cause intermittent operation or ‘‘motor- 
beating". Shorted turns of the oscillator coil (s), in ad- 
dition to affecting output amplitude and frequency, may 
cause loss of oscillation because of loading effects. A 
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leaky plate capacitor Cy may also load the oscillator 
sufficiently to stop operation. In the shunt-fed circuit, a 
defective radio-frequency choke RFC or coupling capacitor 
Ce may stop oscillation since the oscillator is dependent 

on these componemits for development and application of 
feed-back voltages. 

Reduced a Unatab!s Qutput. A rel: 
of oscillator output is provided by the 
voltage developed across Rg. Variation from the manu- 
facturer’s rated value is indicative of abnormal operation. 

A reduction in applied plate voltage will cause a 
reduced output. Therefore, an unregulated voltage source 
will produce output amplitude variations and probably 
frequency changes or instability. Losses in feedback, due 
to shorted turns of poor soidered connectiuns, van cause 
reduced output or unstable operation. A leaky plate cap- 
acitor, Cp, may cause reduced or unstable output by load- 
ing the oscillator or by reducing plate voltage by addina to 
the normal current flow through a seri¢s resistance. Care 
should be used in selecting a replacement for a defective 
t-f choke, since an improper replacement choke may cause 
unwanted oscillations by resonating with distributed circuit 
capacitances or withthe distributed capacitances of its 
own windings. Similar care should be exercised in replacing 
a defective tube in those oscillators operating in the 
higher frequency ranges where interelectrode capacitances 
may consitute a considerable portion of the tuned circuits. 
Variations of this physical capacitance from one tube to 
another may, in addition to affecting output frequency , cause 
the oscillator io shift from one mode of operation to cnother 
as the oscillator is tuned through its frequency range. For 
example, a Hartley oscillator could shift to Colpitts opera- 
tion under the right conditions. This shifting may cause fre- 
quency jumps and/or dead spots in the tuning range of the 
oscillator. At the higher frequencies it is good practice 
to try more thon one replacement tube if the first substitu- 
tion does not achieve the desired results in frequency of 
Operation and stability. Realignment of circuit components 
to compensate for a tube substitution should be avoided 
wherever possible. 

Incorrect Output Frequency. Normally ,a small change 
in output frequency can be compensated for by realigning 
or adjusting the variable component af the L-C resonant 
tank circuit, assuming that all component parts of the cir+ 
cuit are known to be satisfactory. Changes in distributed 
circuit capacitance or reflected load reactance will affect 
the frequency to some extent. Thus, an increase in capaci- 
tance will lower the frequency, and u dectease in cupaci- 
tance will increase the frequency. Therefore, care must be 
used in the removai and repiacement of parts in ofder not to 
disturb the distributed capacitance of the circuit which 1s 
inherent in the plecement of physical parts and the wiring 
of the circuits. Large changes in ambient temperature may 
affect the operating frequency of the oscillator. Such 
changes could come about through failure of an oscillator 
oven, changes in filament supply voltage, etc. The effects 
of tube substitution on oscillator frequency were discus- 
sed above, 


+ of bia 
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COLPITTS OSCILLATOR, 


APPLICATION. 

The Colpitts oscillator is used to produce a sine- 
wave output of constant amplitude and fairly constant 
frequency within the r-f range. The circuit is generally 
used as a local oscillator in receivers, as a signal source 
, and as a variable-frequency oscillator 
over the low- and very-high-frequency ranges, especially 
where inductive tuning is desired. 


in signal 


CHARACTERISTICS, 

Uses a parallel-tuned L-C circuit to determine the 
frequency of oscillation, with a capacitonce voltage divider 
form of feedback to contra! oscillation. 

Operates Class C with automatic self-bias tor ordinary 
or power operation, and Class A where output waveform 
linearity is important. 

Frequency stability i 
to the stability of the Hartley circuit, except it is con- 
sidered somewhat better at the lower frequencies. 


on 


CIRCUIT ANALYSIS, 

General. When a tuned L-C (tank) circuit is connected 
between the grid and plate of an electron tube, the phasing 
is of the correct polarity to sustain oscillation, The cap- 
acitor of a tuned tank circuit may be a single capacitor, 
oi it can be two series-connected capacitors with a total 
capacitance equivalent to that of the single capacitor . 
frequency of oscillation {s the same. 

The two series-connected capacitors will form a capacitance 
voltage divider across the tank circuit. Tapping the 
cathode of the tube to this voltage divider provides a 
convenient electrical (and mechanical) connection, ond a 
means of controlling feedback between the grid, cathode, 
and plate elements, The ratio of the capacitances used 

will determine the amount of feedback, and the total capaci- 
tance value wil} determine the resonant frequency for any 
particular value of tank inductance. Varying the inductance 
is a convenient method for tuning the tank over arange of 
frequencies with o fixed amount of feedback. The use of 
capacitive tuning involves the simultaneous tuning of both 
capacitors to maintain the proper ratia of feedback. For 
tuning over a limited range, capacitive tuning is some- 
umes employed. 

Cirevit Operation. The basic Colpttts o: 
circuit is shown schematically in the toilowing illustration. 
The tuned tank circult consists of C, and Cy, in series, 

d the parallel-connected inductor, L.. Feedback is 

i edi vider on-of 
able capacitor shunting 
a yartes 1s 


bert tive yo 


Ug and Up or by the use of a 
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Basic Colpitts Circuit 


The capacitive ratios vary with circuit design and 
frequency, from about a 1:1 ratio to a 1:4 ratio, with the 
larger capacitor being Cp. For high-frequency use, the 
capacitance voltage divider may consist of only the in- 
terelectrode capacitances of the electron tube, The cir- 
cuit may be arranged for grounded grid , cathode, or plate 
operation without affecting performance; the grounded- 
cathode configuration is probably the most frequently used 
circuit. 

For-simplicity, biasing and plate-voltage feed methods 
are not shown in the basic circuit, but are discussed 
where applicable in the following circuit variations. 

Shunt-Fed Colpitrs. The circuit for the shunt-fed 
Celpitts oscillator is shown in the following schematic. 
Grid bias is developed by Rg and Cg in the shunt grid- 
leak bias arrangement. Shunt plate feed is also used, 
with Ce serving as the plate blocking and coupling capaci- 
tor, andRFC as the rf isolating choke, The tank circuit 
consists of inductor L and capacitor C, which are parallel- 
connected between the grid and plate of the electron tube. 
Capacitor C consists of two series-connected capacitors, 
C, and C,, which are external to the tube and form a feed- 
back voltage divider to which the cathode is connected. 


Shunt-Fed Colpitts Oscillator 
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The manner in which oscillations eccur, as well as the 
outomatic regulation of amplitude by gtid-leak bias, is the 
same as explained in the previous discussion of the LC 
tickler coil oscilletor, except that feedback is obtained from 
a capacitive voltage divider instead of an inductive voltage 
divider. Assume that the tank circuit consists of L and C 
where C represents C, and C, in series. The tank circuit 
then is identical with the tuned grid circuit of the tickler- 
coil oscillator previously described. Sir e the tank is con- 
nected between the plate and grid of the electron tube, 
and C, and C, form a capacitive voltage divider, it is 
evident that there will be a division of feedback voltage in 
inverse ratic to their capacitance. For a specific frequency 
the larger capacitor will have the lowest impedance, and 
the smaller capacitor the highest impedance. Fot equal cap- 
acitors, the voltages acrcss the capacitors will be equal. 
Thus, with the cathode connected to the common connection 
of the capacitors , the tank voltage will be divided between 
cathode-and-grid end cathede-and-plate in accordance with 
the ratio of C, toC,. Any voltage change in the plate cir- 
cuit will appear across C, and be fed back through C, in 
the correct phase to drive the grid in that direction to 
increase the initial change. That is, if the plate voltage 
is increasing, the grid change will cause a further increase, 
and if decreasing, a further decrease. This is exactly the 
same result that is achieved by the plote-srid coils of the 
Armstrong circuit or the tapped inductor pf the Hartley cir- 
cuit, as discussed previously, and sustained oscillations 
will occur. 

Since the tank capacitance is composed of series- 
connected capacitors, each capacitor wiil be larger than 
the total capacitance that is effective in tuning the circuit. 
Since these series capacitors are conrected in parallel 
with the gtid-to-cathede and plate-to-cathode tube capaci- 
tances, they will swamp out the interelectrode capacitance 
variations and thereby increase ihe frequency stability. 
Note, however, that as the capacitance of the feedback 
capacitors approaches the value of the tube element capaci- 
tance, this swamping effect is decreased, Stability there- 
fore, is at a maximum at the lower frequencies. The grid- 
plate cepacitance, which is usually larger than the other 
element capecitance, remoins in shunt with the tank in- 
ductor and will not be compensated for. If desired, capaci- 
tive tuning can be achieved by using a shunt tuning capac- 
itor across L and leaving the feedback capacitors fixed. 
The advantage of the Colpitts circuit, however, is in the 
use of large variable inductors and fixed feedback-tank 
Capacitors for operation in the low- and medium-frequency 
t-f ranges, where the greatest stability is obtained. 

For high-frequency use, the Colpitts can be employed 
as an oscillator controlled mainly by the capacitance 
between the tube elements, so that inductence alone is 
needed to achieve oscillation. This arrangement results 
in higher frequencies of operation than with other L-C cir- 
cuits, and is exemplified by the series-fed version of the 
Coipitts known as the ultraudion circuit, which is discussed 
as @ separate circuit !oter in this section. The output 
coupling may be either inductive ot capacitive, as desired, 

Detailed Analysis. The equivalent plate circuit for 
the shunt-fed Colpitts oscillator is shewn below. 

Assuming that the RFC has infinite reactanve, neglecting 
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the grid capacitor reactance, and assuming that the circuit 


has an infinite grid leak with no grid current, it can be 
seen that: 


| 
As) -1%g | 
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Colpitts Equivalent Circuit 


ip = ll + 12 


The analysis of the Colpitts oscillator is similar to 
that of the Hartley, except that the capacitive reactance 
of capacitors C1 andC2 is substituted for Lp and Lg, and 
the inductive reactance for C. The angular frequency is: 

= 


: = 
or wef + sll see } 
Ip Cpt Cg 


ae Ci C2 
wi ha one 


The criteria for osciildtion is tat: 


ep R(Ci+ Co) 
1 


hers e 


Capacitors C1 and C2 form a capacitive voltage divider 
across T., causing the arid excitation voltage to be propor- 


‘Vhe relationships between the cur- 
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Refer to the illustration of the equivalent circuit for 
development of the vector quantities. 


*9 Sar lieg 


®p 


Colpitts Vector Diagram 


The voltage generator -Heg is the reference voltage, 
€q being 180° out of phase. It was shown that the Colpitts 
oscillator operates above the tank frequency. Therefore, 
the tank circuit appears slightly capacitive, and ip leads 
-Hég by a small angle while ep lags -ve,. The current i, 
through capacitor C, will lead e, by 90°. Current i, 
through the branch containing L andC, is primarily induc- 
tive and will lag ep by <a angle less than 90° determined 
largely by the Q of L, The voltage eq, since it appears 
across capacitor C,, will lag 4, by 90¥, thereby satisfying 
the conditions for oscillation. It can be seen that with 
higher vclues of circuit 9, the phuse Jifference between 
ip and ep will be diminished. 


FAILURE ANALYSIS. 

No Output. If the circuit is in ¢ non-oscilleting 
condition, the negative grid bias will be much less than it is 
in the oscillating condition, because it will consist of 
contact-potential bias only, which will allow the tube to 
operate at approximately zero instead of at cutoff or higher. 
Thus the plate current wil! be much higher than normal. 
Excessive losses present in the resonant tank circuit will 
gen sistaited cerulotensy Reiss tube gain, if suf- 


as componen’ 
tating bias and change the amplitu 
f the cnange ts large, osciliation may 
all, the effect m t be noticeable, i 
frequency chcke RFC or coupling capedi- 
ar Cg may cause loss of oscillation since the circuit 
depends on these components for the development and 
agplication of the feedback voltage, 

Reduced or Unstable Output, A relotive indication 


op bias 


ealues of grid-leai 
ly affect the 
oscillation: 


of uscillutur output is provided by the amount 
valtage eeveloped across Rg. Variation from the stand- 


ard operating value is an indication ay abnormal opera- 
an 


voliuye source 


will produce output amplitude variations and prodably some 
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frequency change or instability. Losses in feedback due to 
shorted turns, poor soldered connections, or changing 
values of feedback capacitance can also cause reduced 
output or unstable operation. Care should be used in selec- 
ting a replacement for a defective r-f choke, since an 
improper replacement may cause unwanted oscillation by 
resonating with the capacitance of its own windings or 

with distributed circuit capacitances. 

Incorrect Output Frequency. Normally, a small 
change in output frequency can be corrected by adjusting 
the variable component of the L-C resonant tank circuit, 
provided that al! component parts of the circuit are known 
to be satisfactory. Changes in distributed circuit capaci- 
tance or reflected load reactance will affect the frequency 
of operation to some extent, being most noticeable on the 
higher-frequency ranges. Changes in stray capacitance 
which parallels the tank circuit will have a greater effect in 
changing the frequency than grid-cathode ¢r plate-cathode 
capacitance changes (provided that they are large enough 
to overcome the tank swamping effect). Care should be 
used in replacing a detective tube, particularly in oscil- 
lator circuits operating in the higher frequency ranges. It 
is good practice to try more than one replacement tube if 
the first substitution does not achieve the desired results 
in frequency of operation and stability. Realignment of 
circuit components to compensate for o tube substitution 
should be avoided wherever possible. Large changes in 
ambient temperature may affect the operating frequency of 
the oscillator. Such changes could come about through 
failure of an oscillator oven, changes in filament supply 
voltage, etc. 


CLAPP OSCILLATOR. 


APPLICATION, 

The Clapp oscillator is used to produce a sine-wave 
output of constant amplitude and fairly constant frequency 
within the r-f range. The circuit is used as a beat fre- 
quency oscillator in receivers, as a master oscillator in 
transmitters, and generally as a variable-frequency oscil- 
lator over the high- and very-high frequency ranges. It is 
also employed as a crystal controlled oscillator in fre~ 
quency meters and in signal generators. 


CHARACTERISTICS, 

Uses a separate series tuned L-C circuit to determine 
the frequency of oscillation, with ¢ capacitance voltage 
divider form of feedback to control oscilllation. 

Operates as Class B or C with automatic seli-bias for 
ordinary or power operation, and as Class A where output 
wavetorm linearity is important. 

Frequency stability is good. The circuit is considered 
to have better stability than the Colpitts circuit. 


CIRCUIT ANALYSIS. 

General. The Clapp circuit is considered to be a 
variation of the Colpitts circuit discussed previously. It 
uses the stabilizing effect of a series tuned tank circuit, 
coupled loosely to the tube feedback loop, to provide better 
frequency stability. It incorporates capacitive tuning which 
tequire the use of only one tuning capacitor. It also offers 
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a convenient method of tuning over a smal] band of fre- 
quencies where band-spread or vernier-type tuning is de- 
sired. 

Circuit Operation. The basic Clapp oscillator circuit 
is shown schematically below. The tuned tank circuit con- 
sists of series-connected comoonents L and 5] in parallel 
with the basic capacitance feedback voltage divider, C, 
and Cp. For simplicity, the biasing and plate feeds are not 
shown in this basic circuit, but are discussed as necessary 
in the following circuit discussion. 


vi 


=) 


Basic Clapp Circuit 


he capacitance ratio for the voltaye divider which 
orovides the basic feedback (as in the Colpitts circuit) 
may vary with the circuit design and the frequency. Usually 
it is 1:1 with Cl being smaller (about one-tenth Cg for 
high-frequency operation). 

‘he circuit may be arranyed for grounded grid, cathode, 
or plate operation without affecting performance; the 
grounded-plate configuration is the most frequently used. 

Vhe frequency of operation is dependent upon the values 
at the three capacitors and inductor as follows: 


— 


eo a5. BA hee te kn, 
27 LC, Ca Cp 


Thus it is evident that when the ratios of C1/Cg and C1/ 
Cp are very small, the resonant frequency will be primarily 
determined by the values of L and C, alone, This is the 
condition usually desired. 

Since the resonant frequency is primarily determined 
by L and C1 when Cp and Cg are comparatively large, the 
Clape circuit may employ much laryer values of capaci- 
tance in the feedback voltage divider than can the e quiva- 
lent Colpitts. The laryer values of capacitance much more 
effectively swamo interelectrode capacitances; it aas been 
estimated that as much as a 40 to 1 reduction of change 
in Capacitance by temperature or tube variations nay be 
obtained. 

As in the other L-C circuits, the most stable operation 
is obtained with a high loaded Q, which is produced for a 
series resonant circuit by a high L to C (not C to L ratio, 
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Thus, for a given frequency, the tank inductance is laryer 
than that used for the previously discussed circuits. Since 
it is easier to produce a high-Q coil when the inductance 
is greater than the usual high-C tank affords, the Clapp 


oscillator benefits from the low-T tank. 


tance voltage divider consisting of Cg and Cp does not 
offer any yreater stab “iann circuit than in the 
Colpitts, the ratio of Cg to Cp is chosen to afford the 
greatest possible stability in conjunction with the nigner 
3 offered by the series tuned tank. Tuniny caprcitor 21 
= chosen to have the desired tuniny range, vith sufficient 
capacitance to sustain the feedback loop at the higher fre- 
quency (feedback increases with decrease of frequency). 
Since the basic frequency -determ: mining pottion of the 
Clapp circuit is the tank inductor (Cy merely tunes vver the 
desired range), which is coupled capacitively through C1 to 
the tube, the Clapp tank is generally considered to be more 
Io trak circuit af ti> ather oscillator 


ink circuit changes are nc 


lity in this 


ly coupled thx 


configurations. Thi 


imized. This factor, in combination with the higher 
Q obtainable, provides the Clapp oscillator with very bh. sh 
stability in the presence of supply voltage variations, the 
trequency changing only a few parts per million for a supply 
voltage variation of 15 percent, 

Variations of the Clapp oscillator circuit may be en- 
countered. For example, an RFC may be inserted betwee: 
cathode and ground to keep the cathode at a high impedance 
above ground, and offer a d-c return path to the cathode. 
Usually this choke is chosen to resonate with its distributed 
capacitance at the fundamental frequency, and occasionally 
1 is included to adjust the parallel resonant choke 
circuit for proper impedance. In special circuit versions, 
tne catnode tank may be used for frequency doubling. These 
circuit veriations, however, are not a part of the basic Clapp 
oscillator circuit design. 

Shunt-Fed Clepp. The complete schematic for a shunt- 
fed Ciapp oscillator is shown below. Series plate teed is 
never used in this circuit and will not be discussed. Shunt 
grid-leak bias is used (Rg and Cg), with shunt plate feed. 
Capacitor Ce is the plate blocking and coupling capacitor, 
and inductor RFC is the r-f choke. The combination of Ce 
and RFC provide an r-f bypass to isclate the power supply 
fromrf. The piste is grounded to if, and L and C, torm the 
tank circuit, which is connected across the feedback divider 
consisting of C, and Cy. the cathode RFC provides a d-c 


return path to ground for 


impedance to rf to prevent an 


impedance to rf te prevent an 
wae 


Operation of 


the circuit and automatic regulation of the 


the same ay 


cillator discussions. Gscilistion is caused by feedback 
rough the capaci ta divider, , 98 in the 
all tts oscillator, but the tatio of the capacitors is chosen 
tor me best frequency stability. The output coupling is 


usually inductive, but it may be capacitive. 
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No Ourput. High plate current will be indicative of 
non-oscillation and consequent loss of operating bias, with 
the tube operating at essentially zero (contact) bias. Re 
duced tube gain, if sufficient, will also affect oscillation. 
Changes in the value of the bias resistor and capacitor will 
directly affect the operating bias and the ampiitude of oscil- 
leting- if the changes are large, oscillation may be pre- 
vented; if small, the effect may not be noticeable. Shorted 
turns of oscillator coil, in addition to affecting output amp- 
litude and frequency, may couse loss of oscillation because 
of loading effects. A defective radio-frequency choke (RFC) 
or coupling capacitor {C.) may step oscillation since the 
oscillator is dependent on these components for the 
development and application of feedback voltages. 

Reduced or Unstable Output. A relative indication o: 
oscillator output is provided by the amount of bigs valtoue 
developed across Rg. Variation from the standard operating 
value is an indication of abnomnal oper A reduction ot 
plate voltage will decrease the output amplitude. Theretore, 
an unregulated voltage source will produce output ampiitude 
variations ond possibly some f cy change, although 
the Clapp circuit is considered to be less affected in this 
manner than the Colpitts (a change of only a few parts 
ing million fora 15 per cent plate sunoly fluctuation is 
claimed). A partially open plate blocking capacitor will 
reduce the grid-to-piate coupling ond feedback « and thus af- 


is possible for weak feedback to occur through the gic: tor 
piste the capacitance and sustain oscillation even though 
he plate blocking capacitor 1s faulty. A leaky plate capac- 
4 of unstable output by loading the 


tar may cal 


cltage by adding 
normal current flow through a series resistance. 
should be exercised in selecting a replacement tor a detec- 
live r-f choke since an improper replacement choke 
cause unwanted oscillation by resonating wit! 
circuit capacitances or wiih the disiibuted cupacitan: 
its own windings. 

Incorrect Output Frequency. Uh: 


osciator or by reducing pid 


rodit capacitance of reflected toa 
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to eliminate such changes. The largest change will be pro- 
duced by a change of the tank circuit Q caused by shorted 
tums or poor soldered connections in the tank circuit. An 
incorrect output frequency resulting from a change of tube 
transconductance with age is normally corrected by slight 
Teadjustment of the tuning capacitor. Large changes in 
ambient temperature may affect the operating frequency of 
the oscillator, Such changes could occur through failure of 
an oscillator oven, changes in filament supply voltage, etc. 


TUNED-PLATE TUNED-GRID OSCILLATOR. 


APPLICATION, 

The tuned-plate tuned-grid (TPTG) oscillator is used 
to produce a sine-wave output of constant amplitude and 
fairly constant frequency within the r-f range. -This circuit 
is generally used asa variable-frequency oscillator over the 
high- and very-high-frequency r-f ranges. It is not often en- 
countered in Navy electronic equipment. 


CHARACTERISTICS. 

Contains two parallel-tuned L-C circuits — one in the 
gtid circuit and the other in the plate circuit of the electron 
tube ~ anduses the internal grid-plate tube capacitance for 
feedback. - 

Operates as Class C with automatic self-bias for 
ordinary, or power, operation and is seldom used for linear 
waveform applications. 

Frequency stability is good when properly adjusted. 


CIRCUIT ANALYSIS. 

General. When a tuned L-C tank circuit is connected 
between the grid and cathode of an electron tube and a 
similar tank circuit is connected between the plate and 
cathode of the tube with coupling existing between them, 
sustained oscillation will occur when these tuned circuits 
are resonated to the same frequency. The amplitude of the 
oscillation is determined by the amount of feedback from 
Plate to grid, and is also affected by the tuning of the two 
circuits. To provide the proper phase to sustain oscillation, 
both the grid tank and the plate tank are tuned to a slightly 
higher frequency than the resonant frequency at which 
operation is desired. At the operating frequency both tanks 
then offer an inductive reactance, and the phase shift 
through the grid-plate tube capacitance is of the proper 
polarity to sustain oscillation. The condition for proper 
phasing is that the inductive reactance of the grid tank 
circuit be less than the capacitive reactance of the grid- 
plate interelectrode capacitance at the operating frequency. 
To sustain oscillation, it is only necessary to supply the 
losses in the grid circuit, which because of the high-Q 
grid tank are relatively small. Consequently, only a small 
capacitance is needed to supply sufficient feedback, and 
the grid-plate interelectrode capacitance of the triode tube 
is adequate for this purpose. When a pentode is employed 
in the circuit, it is usually necessary to supply an ex- 
ternal capacitor to provide the feedback, because of the 
low electrode capacitance inherent in the pentode, 

Cireuit Operation. The basic tuned-plate tuned-grid 
oscillator circuit is shown schematically below. The grid 
tank consists of Cl andLl, while the plate tank consists of 
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C2 andL2, no mutual inductance existing between L1 andL2, 
Feedback occurs through the plate-grid capacitance, Cap 
(shown in dotted lines), when both tanks are tuned to the 
same frequency. The feedback amplitude can be controlled 
by detuning the grid tank with Cl- Thus, differences in in- 
terelectrode capacitance between tubes can be accommodated 
with no adverse effects. 


Basic Tuned-Plate Tuned-Grid Oscillator 


For simplicity, biasing and plate voltage feeds are not 
shown in the basic circuit, but are discussed when applic- 
able in the following discussion. ‘Since capacitive feedback 
determines oscillation, this circuit is a better oscillator 
at the higher frequencies and is not often used in the low- 
or medium-frequency ranges. ‘Although other configurations 
may be used, this circuit lends itself conveniently to 
grounded-cathode operation. ‘The grid tank basically con- 
trols the excitation and operating stability, and the grid- 
cathode tube capacitance is in parallel with the tank, being 
effectively swamped by the tank capacitance. Likewise, 
the plate tank capacitor effectively swamps the plate-cath- 
ode tube capacitance, and the plate tank is primarily used 
to determine the operating frequency. Once oscillation ac- 
curs near the desired frequency, the plate tank is tuned to 
set this frequency to the desired value, while the grid tank 
is adjusted for proper excitation and maximum stability, 

Upon examination of the shunt-fed tuned-plate tuned- 
grid oscillator circuit, it is evident that shunt grid-leak bias 
(Cg, Rg) and shunt plate feed are used, with C. serving 
as the plate coupling and blocking capacitor. The radio- 
frequency choke, RFC, keeps the rf out of the plate supply. 
L1, Cl is the grid tank and L2, C2 is the plate tank. The 
grounded-cathode connection is shown since it permits 
grounding the tuning-capacitor rotors to eliminate any body 
capacitance effects on tuning. ‘The use of shunt grid-leak 
bias isolates the grid tonk as far as de is concemed and 
reduces circulating grid current, although series grid bias 
could be used as well. Sometimes a series resistor is in- 
cluded between cathode and ground, to provide protective 
bias in the event of non-oscillation. Both the plete and 
grid capacitors are sufficiently large so that the tank cir- 
cuits are effectively coupled to the grid and plate for rf, 
yet isolated as far as de is concerned. Grid-leak bias ac- 
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tion and automatic amplitude regulation are the same as 
described previously in other oscillator discussions. The 
feedback action takes place as described above, making 
use of the coupling between the plate and grid tanks pro- 
vided by the grid-plate tube capacitance, At radio fre- 
quencies which require the use of relatively large inductors 
and when appreciable power is used, it is important for the 
tanks to be shielded or turned at right angles to each other, 
to prevent possible inductive coupling effects which would 
deteriorate circuit performance. 

Output is obtained by inductive coupling to the plate 
tank, although a capacitive connection may be made if de- 
sired. 

Detailed Anolysis. The equivalent circuit of the tuned- 
plate, tuned-gridoscillator is shown belov. 


Basic TPTG Equivalent Circuit 


Since the uscillator operates below the resamant frequency 
of the tank circuits, both the piate tank and the grid tank 
will appear resistive and inductive to the signal source 


~ fe. 
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Modified Tuned-Plate, Tuned-Grid Equivalent Circuit 


The figure above shows the tank circuits replaced by their 
equivalent values of modified equivalent resistance and in- 
ductance at the operating frequency. Notice that this equiv- 
alent circuit closely resembles that of the Hartley oscillator 
which was shown previously. ‘Therefore, the operation of 
the TPTG oscillator, at the operating frequency, is basically 
that of aHartley oscillator without the benefit of mutual 
inductance. ‘However, adjustment of the tuned circuits to 
meet this condition is rather critical. Note from the equival- 
ent circuits that the basic frequency-determining components 
are the plate tank and the piate-to-grid capacitance of the 
tube, Cgp. The plate tank, therefore, is tuned to establish 
the frequency of operation, while the grid tank {s tuned to 
establish the proper phasing and amount of feedback voltage 
for gtid excitation, 

Vector Diagram, The relationship between the current 
and voltages in the circuit is shown by the vector diagram 


below. 
ep 
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The constant voltage generator output eg is the refer- 
ence voltage. It is assumed that there is no inductive 
coupling between the plate and grid tank circuits and thot 
the frequency of oscillation is slightly lower than the 
resonant frequency of the tanks. Since the tank circuits 
are tuned to a higher frequency than the oscillation fre- 
quency, they offer an inductive reactance. Also, since 
the feedback must occur through the grid-plate inter-elec- 
trode capocitance, the grid tank must offer a lower induc- 
tive reactance than the capacitive reactance of the elec- 
trodes (the grid-cathode and plate-cathode capacitance is 
assumed to be a part of the tuned circuits). Therefore, the 
inductive plate tank causes e, to lead weg by some angle 
dependent on the circuit values, and ip rp lags. The in- 
ductive plate tank current i, also lags ep somewhat less 
than 90 degrees. Since the reactance of Cgp is greater 
than the grid tank reactance, i, leads e, by almost 90 de- 
grees. Voltage eg, is developed across the inductive grid 
coil (tank} and, therefore, leads i, by almost 90 degrees. 
This voltage is exactly 180 degrees out of phase with 
Hég, satisfying the requirement for oscillation. 


FAILURE ANALYSIS. 

No Output. If something happens to either of the tank 
Circuits so as to cause a large enough shift in that tank’s 
resonant frequency, the circuit will not oscillate, andonly 
contact bias will be developed. Plate current, therefore, 
will be higher than normal ond the standard operating value 
of grid bias will not be obtained. Excessive losses if pre 
sent in the tank circuit will prevent sustained oscillation. 
Changes in the values of grid-bias components Rg and Cg 
will affect the operating bias and change the amplitude of 
oscillation. A large change may prevent oscillation, where- 
as a small change may not have any noticeable effect. Al- 
though loss of tube gain will reduce the amount of feedback, 
the TPTG circuit is a vigorous oscillator when properly 
adjusted, so that considerable reduction in tube ampli- 
fication is necessary to reduce oscillation. Too clase 
coupling of the output circuit to the plate tank will produce 
the same effect as a lossy tank circuit, and reflected 
reactance may couse sufficient detuning to prevent oscilla- 
tion. In the shunt-fed circuit, a defective radio-frequency 
choke RFC or coupling capacitor Ce may cause loss of 
oscillation since the oscillator depends on these com- 
ponents for isolation from the low a-c impedance of the 
plate supply and for coupling of the a-c signal to the tuned 
plate tank. 

Reduced or Unstable Output. A relative indication of 
oscillator output is provided by the amount of bias valtage 
developed actossRq. Variation from the standard operating 
value is an indication of abnormal operation. A reduction 
of applied plate voltage will decrease the output. Therefore, 
an unregulated voltage source will produce output amplitude 
variations and probably some frequency change or instability. 
In this respect, the tuning of the grid tank is important, 
as it has agreat effect on the stability of operation. “A 
leaky coupling capacitor Ce may cause reduced or unstable 
output by loading the oscillator or by reducing plate voltage 
by adding to thenormal current flow through a series voltage 
dropping resistance. Care should be used in selecting a 
teplacement part for a defective rf choke, since an improper 
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teplacement may cause unwanted oscillation by resonating 
with distributed circuit capacitonces or with the distributed 
capacitances of itsown windings. Similar care should be 
exercised in replacement of adefective tube since the 
oscillator depends on interelectrode capacitances as a part 
of the tuned ci-cuits. Variations of this physical capacit- 
ance from one tube to another may be enough to seriously 
detune the oscillator. It is good practice to try more than 
one replacement tube if the first substitution does not 
achieve the desired results in frequency of operation and 
stability. Realignment of circuit components to compensate 
for tube substitution should not ordinarily be necessary. 

Incorrect Output Frequency. Assuming that all component 
parts of the circuit are known to be satisfactory, chanues 
in output frequency can be compensated for by realigning or 
tuning the tonk circuits. Detuning effects caused by re- 
flected load reactance will affect the frequency of operation 
to some extent, being most noticeable on the very-high- 
frequency ranges. ‘Changes in tank inductance caused by 
shorted turns, particularly in the grid circuit, will result 
in a different frequency of operation, if oscillation still 
occurs. Large changes in ambient temperature, such as may 
occur through failure of an oscillator oven or changes in 
filament supply voltage, may affect the operating frequency 
of the oscillator. Changes in distributed circuit capacitances 
will also affect the operating frequency. Therefore, care 
should be used in the removal and replacement of parts, in 
order not to disturb the distributed capacitance inherent in 
the physical parts and wiring of the circuit. The effects of 
tube substitution were discussed above. ° 

SERIES-FED TUNED-PLATE TUNED-GRID. Series 
plate feed is easily accomplished with the tuned-plate tuned- 
grid circuit by connecting B + and the RFC in place of the 
ground to L2 (refer to shunt-fed schematic), connecting the 
plate directly to the top of L2, and bypassing the bottom end 
of L2 to ground with Ce. Circuit operation and failure 
analysis are exactly the same as for the shunt-fed circuit with 
two exceptions: (1) With the series connection, unwanted 
low-frequency (or high-frequency) parasitic oscillations caused 
by resonances of RFC and Ce, or of RFC and Cpx are elim- 
inated. (2) The effect of de in the tank circuit must be con- 
sidered; since the capacitor and inductor must withstand 
both d-c and r-f voltages, their insulation to around be 
comes an important factor. 


ELECTRON-COUPLED OSCILLATOR. 


APPLICATION. 

The electron-coupled oscillator is used to produce an 
t-f output of constant amplitude and extremely constant 
frequency, usually within the r-f range. ~The circuit is 
generally used in any type of electronic equipment where 
stability is required, and the output waveform need not be a 
sine wave, as some distortion of waveform is normal. 


CHARACTERISTICS. 

Uses the shielding effect between the plate and screen 
grid in a tetrode or pentode to isolate the plate load from 
the oscillator, andemploys the electron stream between the 
scteen grid and plate to couple the oscillator output to the 
plate load. 
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Operates with practically any circuit configuration of 
the L-C or R-C type, but is mostly used with L-C circuits. 
Frequency stability of circuit is very good — hetter 
than that of the previously discussed types of cscillators. 


CIRCUIT ANALYSIS. 

General. In the triode-type oscilictor , variation ot the 
plate supply voltage 
slight frequency variations because the plate is involved in 
the feedbuck loop. By using the cathode, grid, and screen 
grid of a tetrode or pentode as the oscillator, the plate is 
eliminated from the feedback loop. Since the plate current 
in the tetrode or pentode ctively dapepenent of p. 
voltage ges and rema: 


at screen volt 


have practically no effect on the other elements. ‘Connecting 
the screen grid as the plute of the tilude oscillator electro- 
alaueay shields the plate of the epenious or HetaCGE and 


bed 
59 
Oe 


electron stream. 
bs of the previously discussed oscillator circuits may 
be used for the oscillating portion of the electron-coupled 


oscillator circuit, and the electron tube can be either o 
tetrode, a pentode, or a beam-power tube. 

The tetrode is a fourselement tube, wi uses ose 
grid to accelerate the flow of electrons from the o 
the plate under control of thecontrol grid. As the slciers 
pass through the screen grid to the more positive plate, some 
of them impinge on the screen grid and produce a screen- 
grid current, which amounts to about one tenth of the plate 
current. Secondary electrons cre emitted by the portion of 
the electron stream striking the screen gridand by the stream 
striking the plate. 
than the soreen-grid voltage, these secondary elec! ai 
axtracted to thenearest element, plate or screen, andmerely 
increase their respective currents. When the plate voitage 
necr or below the seteen-grid voltag, 


aria 
G virtual cathode between the screen grid and piate ané thus 
nullities the effect of electron coupling. Therefore, the 
screen grid is usuaily supplied trom the plate source through 
a series voltage~lropping resistor, and it is b 
ground with a capacitor to provide an electrostatic shield. 
The beam-power tetrede uses special construction and seam- 
forming plates connected to its cathode to provide the s¢ 
effect. ‘The nentode utilizes a fift? 


Normally, when the clate voltage : 
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the grid tonk, or it may be tuned to a harmonic, operating 

as a frequency multiplier. In testeapipment applications, 

ag choxe or a resistor (instead of a tank ci Lai 

usually used with light loading to assure maximum frequency 


stat A properly designed electron-coupled oscillator 


sig oparly desiened electron-coupled:ase! lator 


provides the stability of a master oscillator-power amplifier 
circuit combination with only one tube, and it ‘ins the pawer 


vaitage and current. 
When a resistor or choxe is used in the output circuit, 


not exactly sinusoidal because the Hee 


ntro! 
nol grid 


of the siitent controlled by the grid reaches Sheplatés ‘Son 
of the electrons in the screen-piate region are attracted back 
to the screen arid, while others are snunted to the catnode 


instant when the sereen-grid currant is being s slightly i in- 

creased, the plate current may or may not be increased by the 

same amount ~ in fact, it may actually decrease, Hence, 

the output waveform, which is the result of plate current 

flow through tne toad resistance, will not be exactly lixe the 

screen-grid waveform; it will be similar, but distorted. If 

a plate tank or an [-C filter is employed, the distortion will 

be corrected and a nearly sinusoidal waveform will result. 
Circuit Operation. The schematic of an electron- 

coupled oscillator using apentode tube is shown below. 

The Gsollatet section utilizes the basic Hartley shunt-fed 

iit, Wi seties gridleak as discussed previcus! 


the Hartley oscillator circuit, and with the screen of the 


$ the wiode plate, 
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coping resistor, RL, is general- 
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ly used, but may be omitted in some versions of this cir- 
cuit, Since the screen is above ground at r-f potential, 
RFC1 is necessary to block the rf from the power supply. 
If Rl is a high-value resistor of say 5000 ohms or more, RFC] 
may be omitted, because the high resistance of Rl is com- 
parable to the reactance offered by the r-f choke. Note 
that the suppressor element is connected to the cathode, 
which is grounded, If the cathode were above ground, the 
suppressor could not be connected to the cathode or it 
would capacitively couple the oscillator into the plate cir- 
cuit and destroy the shielding effect of electron coupling. 
Since in this instance the cathode is grounded, the sup- 
pressor performs its normal function of eliminating second- 
ary emission and isolating the plate and the screen grid. 

The oscillator normally operates Class C, and for each 
pulse of oscillation a corresponding pulse is produced in 
the plate circuit through modulation of the electron stream. 
Thus electron coupling exists between the screen gridand 
plate. Plate load variations produce plate voltage and cur- 
tent changes, but, since a change of pentode plate voltage 
has little effect on plate current, these changes have 
negligible effect on the screen-grid voltage and current. 
Hence, the stability of the oscillator remains relatively un- 
affected by load variations. It should be noted that, although 
the pentode is considered to be unaffected by supply volt- 
age variations, only the tetrode circuit can be designed by 
selection of proper plate and screen voltages to be complete- 
ly independent of supply variations. The advantage of the 
pentode arrangement is that grounded-cathode operation can 
be used to provide an electrostatic shield between plate 
and grid or screen, and secondary emission effects need 
not be considered. 

The tetrode version of the electron-coupled oscillator 
which is particularly applicable to beam-power tubes is the 
gtounded-screen circuit shown below. ‘In this circuit, the 
shunt-fed Hartley is used; the operation and components of 
the circuit are the same as just described for the pentode 
E.C.O. illustrated above, with the following exceptions: 


OUTPUT 


Tetrode Electron-Coupled Oscillator 


Since there is no suppressor element in a tetrode tube, 
secondary emission effects are encountered. Therefore, Rl 
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is needed to keep the plate voltage always higher than the 
screen-grid voltage, in order to avoid formation of a virtual 
cathode within the space-charge region between the screen 
atid and plote. Because the screen is grounded by C., an 
electrostatic shield is provided between the oscillator and 
output sections. Since the cathode is above ground and cath- 
ode current flows through the Lp portion of the tank, the 
full current of the tube is utilized to provide feedback 
through the tank inductor. Actually, this is a series plate 
fed connection. ‘Since the plate current of the tetrode is 
independent of plate voltage, being controlled by the po- 
tentials on the screen and control grids, no undesired coupl- 
ing results from the flow ofcathode current through Lp. The 
original derivation of this circuit utilized a variable resistor 
as Rl, and thescreen-grid voltage was adjusted for maxi- 
mum stability. Since a slight increase of screen voltage 
(caused by supply or load variations) decreases the fre- 
quency, while a similar change of plate voltage increases 
the frequency, Rl can be adjusted for specific screen volt- 
age where a frequency change in one direction will cancel 

@ corresponding change in the other direction and result in 
freedom from frequency changes due to supply voltag~ 
variations, 

It should be noted that, if a pentode is used in the te- 
trode circuit, the suppressor should not be connected to the 
above-ground cathode, or capacitance coupling will exist 
between the suppressor and ground and inject an undesired 
coupling between theoscillator and output sections. In- 
stead, the suppressor grid should be tied to the screen or 
the plate, making the tube effectively into a tetrode; a pen- 
tode with an internaily connected suppressor is not usable 
in this circuit. 

A number of electron-coupled-oscillator variations using 
the oscillators previously discussed are also illustrated, 
These circuits are drawn in their most usually encountered 
form; namely, with a plate output tank which may be operat- 
ed either on the fundamental or a harmonic. Circuit opera- 
tion is the same as discussed for the basic oscillator with 
the addition of the electron-coupled circuit theory just com- 


Co 
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pleted. The tuned-plate tuned-grid version is not shown be 
cause it is usually in the form of a crystal-controlied elec- 
tron-coupled oscillator, in which the grid tank is replaced 
by the crystal andthe plate tank is the output of the oscillo- 
tor, This circuit version is discussed later in this section. 
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FAILURE ANALYSIS. 

No Output. Failure of oscillation would cause no 
output, and could result from the same effects described 
in the failure analysis section of the Hartley oscillator. 
in addition, lack of supply voltage caused by open compo- 
nents or a short from opiate to yround would effectively stop 
output. Actuaily, in this type of circuit woe emission could 
drop to the point where there is sufficient current for the 
oscillator section, but practically none ior the plate. There- 
fore, the circuit should be considered as basically a two- 
section tube, and checked for oscillator output first and then 


ates: 


ws 


operating condition, and the oscillator is operating, lack 


table Output, In addition to those 
ila the Hartley 


he basic oscillator in 
oscillator circuit aiscussion, the ‘oliowing should be cor- 
Sidered: lt the basic oscillator 1s unstable or has a recucea 
output, then, with all other conaitions equai, the plate out- 
put will also be unstable or reduced. Thus the oscillator 
should first be investigated for proper operation. Since 

the screen voltage determines the amount of plate current 
drawn by the tube, a reduction of screen voltage would have 
2 more noticeable effect on the output before it dropped be- 
low the point where oscillation could be sustained. An in- 
ctease in resistance of the screen dropping resistor, if used, 
is a primary couse of reduced output. Where the plate volt- 
age is supplied through a load resistor, it iscommon for a 
high resistance to develop, reducing both the piaie voliage 
and the output. This condition can result in instability if 
the plate voltage becomes lower than the screen voltage. 

If the output circuit of the plate includes a tuned tank cir- 
cuit, a normal increase of output is to be expected when the 
tank is tuned to the same frequency as the oscillator or to a 
lnw-arder he-monic. Therefore, any effects causing tank 

de! will immediately result in a reduced output. Whea 
instability is produced by load variations, it can immediately 
be assumed that the ciectron coupling is involved; in this 
case, the circuit should pe checked for capacitive coupling 
between scteen and piate or tor a change in voltaye ratios 
due to an excessive voltage drop or a short circuit in either 
ine screen or piate. sinen tne screen current increases 
abnormally, secondary emission effects or a detective (open) 
plate citcu:t can be suspected. 
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ULTRAUDION OSCILLATOR. 


APPLICATION. 

The ultraudion oscillator is used to produce a sine-wave 
output of constant amplitude an¢ fairly constant frequency 
within tne r-f range. It is yenerally used as a variable- 
frequency oscillator on the very-high ond ultra-high-fre- 
quency ranges. 


CHARACTERISTICS. 

Uses o parallel tuned L-C circuit to determine the 
frequency of oscillation, with a capacitive voltage divider 
form of feedback to control oscillation. 

Operates Class C with automatic self-bias for ordinary 
operation. 

Frequency stability is fair - similar to that of the 
Colpitts operating at high frequencies. 

Oscillates easily at frequencies wnich are too high for 
other types of oscillators, or at which they are very un- 
stable. 

Has only one tuning control, and requires only two leads 
for connections between the tank and the tube, 


CIRCUIT ANALYSIS. 
General. The ultraudion circuit is essentially c series- 
fed Colpitts oscillator with a parallel-tuned tank circuit 
for determining the frequency of operation. The previous 
discussion of the Colpitts oscillator circuit is generally 
applicable to the ultraudion oscillator. The following 
discussion will be limited to pointing out the basic differen- 
ces of operation between the two circuits and any special 
considerations necessary for high-frequency operation. 
Circult Operation, The ultraudion circuit is shown 
schematically below. The tuned tank circuit consists of 
L and Cl, connected between the plate and grid of the tube. 
Shunt grid-leak bias is used (Cg and Rg) because of the 
series plate feed. 


Ultraudion Circuit 
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The radio-frequency choke shown in dotted lines in the 
the cathode circuit is sometimes inserted (open cathode 
lead at x}, to minimize the effects of stray wiring capaci- 
tance; it is usually self-resonant at the frequency of opera- 
tion, Although the frequency is determined by the tank cir- 
cuit, the feedback is controlled by the ratio of grid-cathode 
and plate-cathode electrode capacitance plus my stray 
witing capacitance. Operation isexactly the same as pre- 
viously discussed for the Colpitts oscillator circuit. To 
visualize the circuit operation and component relationships, 
refer to the equivalent circuits shown in the illustrations. 
Figure A shows the basic ultraudion without the cathode 
RFC, und figure B shows the arrangement when the cathode 
choke is used; each circuit will be discussed separately. 


a a 


Simplified Equivalent of Ultraudion Circuit 
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Since this oscillator is designed for extremely : 
frequency operation, assume that the tank inductor 1 is 
metely a single wire loop of smail diameter connected 
between the grid and plate, so that tne inductor includes 
the leads to the tube as part of the tank. For tne mo 


a: 


tance is in Paahunt with the in: 
tuned circuit, as shown in A. 
cathode tube capacitances forin 3 voltage divide: 

grid and plate, with the cathode at ground potential. 
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frequency-determininy component. 
capacitance is larye, it assumes more control over frequenc 
than the tube capacitance does; therefore, disturbing tre 

witing may cause extreme detuning of the c. 


ment of Ris used. In this onse the cathode is ahve 
gtound, as the RF'C is chosen te res6r ca 
capacitance somewhere within the tuning range. Wiring wu. 
stray Capacitances to ground effectively form a buianced 
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but it does not affect feedback; consequently, the tibe that 
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parts are needed to cover 2 giver. range of frequencies. For 
example, the capacitance of a convenient tuning capacitor 
for the broadcast ianye averages about 350 picofarads 
maximum and 30 to 40 picofarads {including stray circuit 
Capacitance) minimum, thus covering a range of 10 to 1 in 
capacitance; however, the frequency of the tuned circuit 
varies inversely as the square root of L x C, so with a 
fixed value of L the frequency will vary slightly more than 
3 to 1, as confirmed by the fact that the range usually cover- 
ed is 550 to 160C ke. Since the R-C circuit frequency varies 
inversely a= the cepacitence ratio, it is possible for an 


a in only tour steps (or bands} using the 
Conventional tuning capacitor, as compared to 12 bands 
for the LC usc:Raic:, 

To provide a sinusoidal output signal, the R-C oscil- 
lator necessarily must cpetate Class A as a linear ampli- 
fier with positive feedback. Thus the over-all efficiency 
is low; as a result this type of oscillator is generally used 
tor laboratory and test instruments, rather than as power 
oscillators, 

The stability of theR-C oscillator in the audio range 
is generally much better than that of a comparable L~C 
circuit because the L-C circuit requires a huge inductor 
which is susceptible to disturbance from stray fields and 
tt is difficult to shield adequately for maximum stability. 
The use of inverse feedback (when possible) aids stability 
as weli as improves the waveform. 


R-C PHASE-SHIFT OSCILLATOR. 


APPLICATION. 
The R-C phase~shift oscillator is used to produce a 
constant-amplitude, constant-frequency, sine-wave output. 


CHARACTERISTICS, 

Utilizes a single-stage amplifier with resistance- 
Capacitance network to provide in-phase feedback. 

Output frequency in audio range; usually fixed-frequency, 
but may be variable for certain applications. 

Frequency stability good. 

Operated Class A to obtain a sinusoidal output. 


CIRCUIT ANALYSIS, 
General. In the basic circuit shown in the accompany- 
ing illustration, u sharp cutoff, pentoae~type tube is used 
as the amplifier tube; however, a triode tube can be employed 
in a similar circuit. Bigs voltage is developed across 
cathode resistor R4. Cathode bypass capacitor C4, by 
virtue of its filtering action, keeps the bias voltage re- 
latively constant and places the cathode at signal-ground 
potential. The sine-wave voltage is developed across 
plate-loac resizcor R5; capacitor C6 is the output coupling 
ito, Any varia:ion in plate current will cause a cor- 
¢ chaaye in piate voltage. These plate voltage 
variations will sisc be present at the grid of the tube, since 
the plate is coupled to the grid through the phase-shift 
network, Zl. 
The onerati ition for oscillation is a function 
of the cmount of bics established by tne cathode bias 
tesistor, R4. The use of degenerative feedback {can- 
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cellation) and regenerative feedback (reinforcement) in the 
citcuit simultaneously for undesired and desired frequencies 
is made possible by the action of the phase~shift network, 
Zl. The phase-shifting network is comprised of three 
separate R-C sections; each section is effectively a series 
R-C circuit. The three R-C sections are designated as 

Ci, Rl; C2, R2; and C3, R3. The discussion given in the 
following paragraphs describes the action of only one 
series R-C circuit, but applies to all three sections, 


PHASE SHIFT NETWORK 


R-C Oscillator Circuit 


Phase-Shift Network. It is the property of a capacitor 
that an a-c voltage applied across the capacitor laqs the 
current through the capacitor by 90 degrees. Ina series 
circuit containing both resistance and capacitance, how- 
ever, the voltage lags the current by some angle less than 
90 degrees. A seties resistance-capacitance circuit is 
shown in the accompanying illustration, together with its 
vector diagram. 


—_—. 
2 

Par 
2 


Vector Analysis of R-C Circuit 


The values of capacitive reactance (Xc) and resistance 
(R), chosen for each section of the phase-shift network, 
are such as to cause a total impedance (Z). Assuming 
that this impedance represents the first section of the 
phase-shift network, it is across this section that plate- 
voltage variations are applied. The applied voltage is 
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represented in the vector diagram as Ea. The circuit current 
passes through resistor R and, since this current leads the 
applied voltage Ea by 60 degrees, the voltage drop Er acfoss 
resistor R leads the applied voltage Ea by 60 degrees. The 
voltage, Er, developed across resistor R is applied to the 
second section and is shifted another 60 degrees in phase, 

so that the output voltage of the second series R-C section 
leads FE. by 120 degrees. 


leads Ea by 120 degrees. The output voltage of the second 


The output voltage of the secon 


R-C section is applied to a third section, and is again shift- 
ed an additional 60 degrees to lead the applied voltage Ea 
by a total of 180 degrees. The output of the third R-C 
section is applied to the grid of the tube. 

Referring to the vector diagram, it is apparent that, 
since the capacitive reactance (Xc) varies with frequenc 
thin fen. atae abow. a from 
phe deasugneine a8oe neifeq 
circuit is designed will be shifted more or less than 60 
degrees by each section of the network, so ihat the toial 
phase shift contributed by all three sections will be 
something more or less than exactly 180 degrees. 1 
manner, the circuit is caused to oscillate at only one 
frequency; that is, the frequency which is shifted exactly 
180 degrees by the phase-shift network, Z1. 

By increasing the number of phase-shift sections com- 
prising the network, the losses of the total network can be 
decreased; this means that the additional sections will each 
be required to have a lesser degree of phase shift per 
section so that the over-all phase shift of the network 
remains at 180 degrees for the desired frequency of oscil- 
lation. Assuming that the values of R and C are equal in 
all sections, networks consisting of four, five, and six sec- 
tions are designed to produce phase shitts per section ot 49, 
36, and 30 degrees, respectively. 

Cireult Operation. Oscillations are initially started in 
this circuit by small changes inthe B-supply voltage or by 
random noise. if it were not for the action of the phase- 
shift network, Z1, the voltage variations fed from the plate 
back tc the grid of the tube wou 
variations, since the tube introduces a polarity inversion 
between the grid and plate signals. For example, if the 
plate-voltage variation at any instant of time was positive, 
the positive variation would be present on the atid. This 
positive-going grid voltage would then cause the piate 
current to increase, in turn causing the plate-voltage varia- 
tion to go negative and, thus, cancelling out the original 
gtid-voltage variation. 

Assuming that the plate-valtagqe variations ore applied 
te the grid 14 
imitial grid-signal voitage. maxi 
cellation) will occur. 
tions fed back to the grid approach zero-degree phase 
difterence, minimum degeneration wilt occur. Theretore, 
if the phase difference between the plate-voltage variations 
andthe initial grid-signal voltage :s exactly zero (in phase}, 
the plate-voltage variations wili reinforce the grid-sianai 
voltage ot any instant of time, cousing regeneration; 
furthermore. these variations will be amplified by the tube 
and reapplied to the grid, amplified again, and so on, until 
0 point of stage equilibrium is reached and no further omp- 
lification takes place. The phase-shift network provides 
the required phase shift of 16 


ld cancel the plate-current 


degrees out-of-phase with respect to the 


However, inthe plate-vottage varia- 


degrees tn pring the voltage 


Sei iuda ‘te ie. quidthngikse.wiva chee dural gteesignas 
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voltage and cause regeneration. The circuit then oscillates 
under these conditions with relatively constant amplitude. 
The phase-shift oscillator is designed primarily for 

fixed-frequency operation; however, the operating frequency 
can be made variable by using variable resistors or capac- 
itors in the phase-shift network. An increase in the value 
af resistance or capacitance will decrease the operating 


of resistance or capaci- 
of resistance or capact: 


tance will increase the operating frequency. In several 
practical applications of this circuit, three or more fixed 
R-C sections are employed together with a variable section 
to provide a limited range of output frequencies which are 
determined by the setting of a variable capacitor. In thi! 
circuit variation, the fixed R-C sectio: se values of R and 


vvide u phust al omewnat less than 

Y80 degrees at the operating frequency desired, and the last 
fyariable) R-C section completes the required phase shift 
to exactly 180 degree: . The operating gia Re is then 


determined by ine 


FAILURE ANALYSIS. 

No Ovtput. Assuming that the applied voltages are 
correct, the lack of output results from two possible con- 
ditions; either the guin of the tube has decreased to a point 
where gain is insufficient to overcome the losses inherent 
in the phase-shift network, or one or more sections of the 
phase-shift network is possibly defective and does not 
provide proper phase shift of the plate-to-grid feedback 
signal. 

In some cases. the phase-shift network must be replaced 
as on assembly if found defective. In cases where the 
phase-shift network is composed of individual resistors 
and capacitors, the individual components may pe checked 
and replaced if found detective. 

Reduced Output. Reduced output is generally caused 
by decreased stage gain; however, a small reduction in 
qain may cause osciliauons to cease before any appreciable 
decrease in output can be detected. 

Nonsinusoidal Output. Nonsinusoidal output results 
athe tube is operating on the nonlinear portion of its 
aracteristic curve. Such operation results from a change 
in B-supply voliage or bias voltage which causes pa tial or 
siete clipping of the cutput way 

Output Frequency laesivech Since ‘the values of re- 
sistance and capucitunce that form the pha: 


change inthe fecency af nsciicrian. 


WIEN-BRIDGE OSCILE ATOR. 


APPLICATION. 


dae oscillator is used as a variable- 


dioment and Id! 
< equipment an: 


ompHiude and exceptional §' 
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It operates as a Class A linear amplifier and employs 
negutive feedback to produce an almost perfect sine-wave 
output. 

It also uses negative feedback to provide a practically 
constant output amplitude. 

Frequency stability is excellent (2 to 3 parts per 
million), 

Operates over a wide frequency range (10 cps to 200 ke 
or higher). 


CIRCUIT ANALYSIS. 

General. When the output of a linear amplifier is 
applied to its input, a feedback icop is produced. If the 
feedback is out-of-phase with the input, or negative, the 
amplifier output will be reduced. If the feedback is in- 
phase, or positive, the amplifier will oscillate. The 
frequency of oscillation for positive feedback can be con- 
trolled by using a frequency-selective network in the feed- 
pack loop, such as the Wien bridge. When negative feed- 
back is applied to the cathode circuit of an amplifier, it 
produces a degenerative effect which reduces the output 
and improves the amplifier response (this is called inverse 
feedback). By use of the impedance bridge circuit a dif- 
ferential input can be used to provide oscillation at the 
desired frequency, with amplitude and waveform control. 

Cirevit Operetion. The basic bridge circuit and feed- 
back loop are shown in the accompanying simplified 
diagram. In the actual circuit, R4 is a small incandescent 
lamp with a tungsten filament, and is normally operated at 
a temperature that produces a dull red or orange glow to 


Simplified Wien Bridge Oscillator 


give automatic control of amplitude (thermistors are also 
used), Resistors Rl and 92 are cf equal value, as are 
capacitors Cl and C2, with R3 having twice the resistance 
of lamp R4 at the operating temperature. The bridge is 
balanced and the circuit oscillates at a frequency given by: 
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It can be seen by inspection that resistors R3 and R4 
form a resistive voltage divider across which the output 
voltage of V, is applied. Since these resistors are not 
frequency-responsive, the voltage at any instant from point 
B (and the cathode of V1) of the bridge with respect to 
ground is dependent upon the ratio of R3 to Rd for any 
frequency which the amplifier produces at its output. Com- 
ponents Rl, Cl and R2, C2 form a reactive voltage divider, 
between the output of V2 and ground, which is frequency- 
tesponsive, with the grid of V1 connected at point A. Thus 
the voltage across R2 is applied to the input of the ampli- 
fier, between grid and ground. When the voltage between 
point A and ground is in phase with the output voltage of 
Y¥2, maximum voltage will appear between the grid and 
ground; therefore, maximum amplification occurs and a 
large output voltage is preduced by V2. Two amplifier 
stages, V] and V2, are used to produce a total phase shift 
of 180 degrees x 2, or 360 degrees, to insure that the volt- 
age at the output is in phase with the input. Thus reactive 
networks R}, Cl and R2, C2 are not required to shift the 
phase to produce oscillation, but are used to control the 
frequency at which oscillation takes place. 

The manner in which these various feedback voltages 
vary in amplitude and phase are best shown by the graphic 
representation below. The center (dotted) vertical line, 
(ordinate) represents the frequency at which the oscillator 
operates. The left and right vertical lines represent a 
frequency much lower than the operating frequency, and a 
frequency much higher than the operating frequency, res- 
pectively. 
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Phasing Diagram 


Curve A represents the negative feedback between point 
B of the simplified schematic and ground. Since it is the 
same at all frequencies, it is represented by the horizontal 
line covering the middle uf the graph. Curve B represents 
the positive teedback voltage existing between the grid 
(point A) of V1 and ground, or the voltage across R2. At 
frequencies below the operating frequency (f.), the series 
reactance of Cl is large, and the voltage across R2 is 
teduced. As the operating frequency is approached, the 
reactance diminishes, and the voltage across R2 reaches ¢ 
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maximum at fo. As the frequency is increased above fo, 

the parallel reactance of C2 shunts R2, effectively reducing 
the voltage across R2. Thus, both above and below fo the 
voltage across R2 is reduced, and only at the operating fre- 
quency is ita maximum. At this frequency, the positive 


feedback voltage {ot the grid) is exactly equal fo (or very 
al 


age fat the 
age 


slighily gieaier than) the negative feedbac! {at the 
} go 


cathode), amplification is ct a maximum for Vi and V2. 

Now consider the phase ofthe output voltage which is fad 
back to the input of V1; this is shown by curve C. Becouse 
of the phase shift produced by Rl, Cl, a phase shift occurs 
above or below the operating frequency; at the operating 
frequency, however, the phase change is zero, aad the out- 
put of V2 is exactly 360 degrees from the input voltage, 
because of the phase inversion through two stages of amp- 
lification. Thus, below fo the phase angle leads and above 
fo it lags. The out-of-phase voltage above and below fo, 
together with the decrease in the regenerative feedbacl 
voltage applied to the grid as compared with the degeneta- 
tive feedback voltage applied to the cuthede of V1 effec 
ly stops oscillation at all frequencies except the operating 
frequency, where RIC] equals R2C2. 

The schematic of the Wien bridge oscillator is shown in 
the accompanying illustration. Operation is the same as pre- 
viously discussed. Amplitude regulation is provided by the 
use of resistor R4, which is an incandescent lamp (DS1} with 
a tungsten filament. The current through this lamp consists 
of the cathode current of V1 plus the a-c current at the oscil- 
loting frequency Uy R3 and R4. The design is such 

thot the lomp is operated 
{where the resistance of the lamp changes rapidiy with 
temperature). When the amplitude of oscillation tends to 
increase, the a-c component of the current through the 
cathode and through the lamp increases. The resistance of 
Rd (DS) increases in value because of its higher tempera- 
ture, and, being in the inverse feedback circuit causes an 
ease of degenerative feedback. Thus, the amplitude 
of oscillation is automatically reduced back toward the 
original level. 

In the schematic, resistors Ri, R2, A3, and DSi and 
capacitors Cl and C2 form the arms of the Wien bridge. 
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Tube V1 is R-C-coupled through C3 to the grid of V2. 

RS is the plate resistor of V1, which produces a 180-degree 
phase inversion. Hesistor R& is the grid resistor for V2 
across which the pitpal of Vl is applied. The circuit de- 

is such that the phase shift through the coupling net~ 
work consisting of RS, C3, and R6 is kept to a minimum. 
insed by R7, which is left unbypassed 
to provide degeneration and help keep the output wave 
linear. The sinusoidal output waveform is developed across 
8 and applied through C4 from the plate of V2 ta the input 
of the Wien bridge as ¢ 360-degree phase-shifted signal, 
which is now in-phase with the original signal. An output 
is also taken from the plate of V2 through capacitor O53 for 
external use. The values R8, C4, and 75 ore also chosen 


uto minimam of phase shift, so that 


the bridge circuit alone determines the teedback trequency. 
The operation of this circuit is similar to that of the basic 
circuit described above, a the oscillation frequency being 
ency where R1 C1 equals R2 C2 and with 
waveform ‘linearity retained by inverse feedback through R3 
and R4. Biasing is a combination of cathode and contact 
bias, with a Jarye amount of degeneration (inverse feedback) 
being provided by the unbypassed cathode bias circuits; 

the output waveform is extremely linear, The output ampli- 
tude is small because of the large amount of degeneration 
employed, and circuit stability is excellent with a minimum 
of phase shift or frequency variation. 


FAILURE ANALYSIS. 
No Output. Since the feedback loop involves two tubes 
and a bridge network, it is apparent that an open circuit 
in the coupling capacitors or bias resistors will stop oscil- 
tudon immediately. An ¢ 2 
the change of coupling network values due to aginy may 
also cause stopping of oscillation at the lower frequencies. 
It is rather improbable that changes due to the aging of tube: 
would result in the stoppaye of oscillation 
ot one tube due to lack of emission or loss of gain could 
prevent operation. A defective lamp would produce an open 
cathode circuit in V1 and stop oscillation. Usually a resis- 
tance check will quickly isolate the trouble in this circuit. 
Reduced or Unstcble Output, The principal compo: 
to suspect in the case of reduced output are the elect 


tubes and the degenerative feedback components. An in- 


crease of cathode bias resistance with a age or leaky edgar: 
1 


Poor connections ond soldered joints wili also cause either 
condition, Following the signal patn trom gri¢ ro plate with 
an oscilloscope will quickly. show lack of amplitude and 
any wavetotm distortion, Motoruoatiig at iow irequencies 
may occur through common impedance coupling in the power 
supply, and snould be suspected if iotions ace pros 

‘ed Gt more than one frequency simultaneously. 

Incorrect Frequency, Since the frequency is primarily 
under contol of the reactive portion of the bridge network, 
these Components should be suspected when the frequency 
Where band switching and tuning arrangements 


ai 


yeinel F 
are included in the design, faulty switches, poor contacts, 
und bad Gonnectious would be the uiiiaty cause al tie 
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ELECTROMECHANICAL OSCILLATORS. 

The electromechanical type of oscillator combines the 
extreme stability of the high-quality mechanical oscillator 
with electrical control of excitation to attain a frequency 
stability on the order of 0,0015 percent (for quartz) without 
temperature compensation. Generally speaking, there are 
two types of electromechanical oscillators: the crystal 
type and the magnetostriction type. The crystal type of 
oscillator uses natural or synthetic nonconducting crystals 
excited by the piezoelectric effect and vibrating at or near 
their natural frequency to control the frequency of oscilla- 
tion; the magnetostriction type uses a magnetic field to 
excite a metal bar, rod, or tuning fork at its mechanically 
resonant frequency. 

The electrical excitation of the mechanical device at or 
near its fundamental, harmonic, or subharmonic frequency 
produces stable mechanical oscillations; these are convert- 
ed into electrical impulses of the same frequency and are 
fed back into the oscillator circuit to sustain highly stable 
oscillations at the desired frequency of operation. 

The magnetostriction oscillator is usually used only at 
audio frequencies, and the crystal oscillator is used at 
both audio and radio frequencies. For audio frequencies, 
the crystals usually consist of Rochelle salt (sodium 
potassium tartrate), which breaks down and decomposes at 
temperatures above 135 degrees Fahrenheit. For radio fre- 
quencies, other kinds of crystals are used. The most popu- 
lar, economical, and plentiful kind is the quartz crystal 
{shown below), which in its natural (alpha) state only re- 


Natural Guartz Crystal, Showing the X, Y, and Z Axes 


quires cutting, grinding, and polishing to size. The fre- 
quency of oscillation is determined mainly by the thickness 
(or length for very low frequencies) of the crystal slab. 
The crystal cannot be made to vibrate too strongly or it 
will shatter. Tourmaline crystals were once popular for the 
higher frequencies since they are more rugged and thicker 
for a given frequency. Because of the expense and scarcity 
of large-sized crystal prisms, and since tourmaline has a 
negative temperature coefficient which prevents a zero- 
temperature-coefficient cut from being obtained, tourmaline 
ctystais are not in common use today, although they may 
occasionally be encountered. 
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Originally there were only two quartz crystal cuts, X and 

Y, with axes at right angles as shown in the illustration. 

However, today there are many cuts at slightly different 


Relationship of Axes to Cuts 


angles, each having a certain temperature coefficient over 
a limited range of temperature and frequencies. The most 
stable is the GT cut, which has a zero temperature coef- 
ficient over a range of 100 degrees centigrade, within the 
t-f range of 100 to S00 kc. As might be expected, this cut 
is expensive; therefore, it is used only in primary standards 
and clocks where the greatest accuracy is necessary. The 
X-cut family includes the X, V, MT, NT, 5° X, and 180°X, 
covering a range of 5 to 20,000 kc; the Y-cut family (shown 
below) includes the Y, AC, AT, BC, BT, CT, DT, ET, EF, 
and GT, covering a range of 60 to 20,000 ke, of which the 
AT and BT are the most popular. 


AT +35° 
wee +38° 
GT +51° 7! 
ce 


ET +66° 33' 


Typical Y Cuts 


Since the high-frequency crystals are thinner, it is evi- 
dent that there is a frequency at which the thinness and 
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fragility of the crystal determine the maximum frequency of 
operation. Therefore, there is a definite high-frequency 
limit beyond which the use of crystals is impracticable. 
The low-frequency limit is mostly defined by the bulk of 
the crystal and its mounting problem. Actually, for low 
audio frequencies, the Rochelle salt type of crystal is 
used {for laboratory and experimental work) in preference 
to the quartz crysiai, mostly becuuse of the difficulty in 
securing basic quartz prisms of the proper size and their 
accompanying high cost. 

While the natural frequency is the one most used, it is 
also possible to grind crystals to operate on harmonics 
(called overtones) which are not integral multiples of the 
fundamental frequency. Overtone operation is also aided 
by special circuits to ensure or enhance this type of eaves 
tion. Th 
tained by the use e of second, | third, fourth, or fifth overtone 
operation (overtones usually utilize the odd rather than the 
even values) with a stability equal to that of the funda- 
mental frequency. Therefore, crystal control is economi- 
cally feasible and practicai in the very-high and ultra-hig 
frequency regions, where frequency stability becomes a 
problem, with o minimum number of doubler and tripler 
stages. 

Generally speaking, the X-cut crystal is slightly thicker 
than the Y-cut crystal; therefore, for a given application 
the X-cut crystal can produce a greater output. Originally, 
temperature compensation was d requirement for frequency 
stability, but with the various low-temperature-coefficient 
cuts now available, it is usually not necessary to use tem- 
pe! cent for the most rigorous use, as in 
frequency standards and frequency synthesizers, < 
the ambient temperature varies greatly, as in aeronautice! 
or mobile operation, Tne following chart illustrates several 
crystal cuts and their tempercature-frequency variations. It 
is seen that the GT cut varies only slightly over a large 
tange of temperatures, while the CT cut varies rapidly 
first in a positive direction and then in c negetive direction 
over a relatively small range of temperatures. The BT cut 
is an expanded version of the CT cut, covering a greater 
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range of temperatures. Although the AT cui also varies 
considerably, it reaches zero variation over a smal! tempero- 
ture range around 50 degrees centigrade, and varies only 

5 parts per million for a + or - change of 15 degrees, 

Synthetic crystals simulating the Stiucture of quartz are 

available, but are not ia mass prot 
state of the art; hence, in the following citcuit sHecussign 8, 


the s!, unless othe 
the term crystal, unless ott 


natural quartz crystal, Since the desigr vad prod estrte) 
of crystals is a field and science of i they will 
hereafter be discussed only when iii pioperties are perti- 
nent to circuit operation. For further infctmation on crystal- 
lography, see the Handbook of Piezo-electric Crystals 4 ior 
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the crystal, and whose opera 
plete control of the crystal. On the other hand, the crystal- 
stabilized oscillator is inherently a free-running oscil 
without the crystal in place, but when the frequency of 


tesonance ot the crystal is approached, the iree-tu 
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the crystal-siabilized oscillator t 
fits of the ctystal-controlled oscillator, but 1s slightly more 
susceptible to frequency insta beconse of the inherent 
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A quartz prism nas three basic axes, X, Y, and Z. The Z 
axis is the optical axis, the ¥ axis is considered tne me- 
chanical axis, and the X axis is considered the electr: 
axis (see quartz crystal ilust No piezol 
effects are directly associated witn the Z exis; an electric 
field applied in this direction oroduces ne piezoelectric 
effect on the crystal, nor will a mechanical stress clong 

the Z axis produce 1 difference of potentic!. A simple 
compressional or tensionai m nical stress applied along 
the Y axes will cause a change of polarization of the X axis, 
but not the Y axis; nowever, if a shearing or flexuraj str 

is applied along the Y axis ¢ change of polarization will 
occur, Wher the crystal is stretched along the X axis, a 
positive charge will apaear on one and of the crystal, and 
when the crystal is compressed along the X axis, a negative 
charge will appear. Thus, piezoelectric effects ate produce? 
for either X- cr Y-cut crystals, as shown in the accom- 
panying illustratien. 

The piezoelectric effect ts defined as thot effect whict 
produces G potential actoss the carallel faces of a crys 
line dielectric substance wnen pressure or torsional forces 
are applied between the faces, ur, conversely, that effect 
which causes the crystal te distect itself when a voltage is 
applied between the faces. Thus, wnen alternating voltages 
are applied between the crysta! faces, it will cscillate 
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(vibrate mechanically) at a specific frequency, which 
termined mainiy by the thickness of the crystal. 
When loosely coupled to 9 suitable oscillator circuit 
and excited at the proper frequency, the cryst 
lize the frequency of oscillation. If the circuit is arranged 
to provide self-oscillcticn a¢ the natural frequency of 
tion of the crystal and will not oscillate with 
it is a erystal-controlled escillator. Normally, a crysta 
two frequencies or modes of operation: tne resonent 
(fundamental) frequency, or series mode, and the onti- 
resonant frequency, oF parellel mode. The series ond 
parailel modes are similar to the equivalent types of 
resonance. In the series mode, the crystal presents a low 


will stab- 


parallel mode, it presents a high impedance (usu 
sidered infinite), since the crystal is used cs a} 
inductor which is resonated with the oryste! circuit shunt 
capacitance (including crystal end noider caneciten 
to form a hishly stale parall2 
at the antiresonart frequency cf ¢ 
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resongnt ctystal frequency is aiways slightly higher than 
the natural, or series-rescnant, frequency. 

The variation with frequency of the series reactance 
(%s) of a typical quartz crysta! is shown qualitatively in 
the accompanying figure. The solid line represents the 
condition where the resistance is equal to zero (which 
is only thecretically possible); the dotted line represents 
the true conditions where R has some finite value. Thus, 


Variation of Series Reactance of Crystal with Frequency 
where 9 is equal to zero, the series reactance is equal to 


a 
a VLE 


from + infinity to - infinity at the frequency fp. (the solid 
line on the graph). When R is greater than zero, the dotted 
line indicates that the series crystal reactance has a finite 
mmoximum and minimum, and that it actually has a zero value. 
st both f, and {,, the series- and parallel-resonance fre- 
quencies. For a reasonably small F, the frequency difference 
hetween f, and fp is approximately the same as that between 
fo and fp. {they cre quite close). In practice, the frequency 
difference between series and parallel resonance varies 
with the type of crystal ond its cut. For examole, a GT- 

cut quartz crystal con nave a difference as low as 0.08 
percent of the resonant frequency, and an AT-cut crystal 

can be as great as 2 percent. 

The series mode of operation is usually used for wave 
filter circuits where a specific frequency is to be obsorbed, 
ot for overtone oscillators operating at high frequencies. 
The parallel mode is usually used in oscillator circuits 
where its extremely high Q produces stable operation not 
normally possible with the ordinary inductor or LC tank 
circuit. As issued, the ontiresonant (parallel-resonant) 
frequency is marked on the holder unless otherwise speci- 
fied on the nameplate {overtone crystals are stamped at the 
overtone frequency). Crystal calibration and rating are 
for a specified shunt capacitance and holder, and for opera- 
tion ind stendord circuit. For MIL STD crystals the circuit 
i t specified in the Standard. For commercial crystals 


natic of the circu:t used for calibrotion is generally 


zero at fo = and changes 
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supplied with the unit, or is otherwise specified, When 
used in nonstandard circuit, the crystal will operate at a 
slightly different frequency from the calibration obtained 

in the standard circuit (43 kc maximum), depending upon the 
tolerance to which it is ground, the holder capacitance, 

and stray inductance and capacitance effects of wiring. 


frequencies, whereas the parallel-resonant type oscillator 
is more economical to construct, can operate over a wider 
frequency tange (by substitution of different crystals), and 
can generate greater output. However, there cre a number 
of exceptions to this genera! rule. The parallel-resonant 
oscillator is primarily used with fundamental-mode crystrls 
at frequencies below 20 
this type, the crystal rc 
(series-resonant) and antiresonant (parallel-sesonant) fre- 
quencies, thereby behaviny as an inductor. Under these 
conditions, the circuit will no 
comes detective and t: 

trolled type. Maximum stability is achieved with low cr 
stal drive and with operation in the class A to class B 
tange. For maximum power output, the oscillator !s operated 
class C. With normal voltages the electromechanical coup]- 
ing in the parallel mode of operation tends to become too 
weak to sustain oscillation at the higher frequencies. This 
reduction in coupling, plus the shunting effects of tube and 
crystal capacitances, makes increased drive and plate volt- 
aye necessary to produce oscillation, thus leading to crystal 
fracture or instability; hence, it is imprectical to use the 
parallel mode at the higher frequencies. It is possible 
hough, by frequency multiplication in a number of sub- 
sequent stages, to abtain high-frequency operation with a 
parailel mode pasic crystal, 

The series-resonont oscillator is ulmost ulways used 
with overtone crystals. Because the output is lower than 
that of the parallel-resonant type, the operating range is 
restricted, and more parts are required. The series-resonunt 
crystal oscillator is usually used only for kigh frequencies, 
ot for low and medium frequencies where special design 
considerations make its use justifiable (mostly for frequen- 
cy standards and laboratory and test equipment). 

The inertia of the mechanical equivelent of the crystal 

a stable ascillatery action the it 

affected by the varying parameters of the electron tube 
ult (and for whi : 
noted) so that changes 
nave little effect on the 
the chanye of crystal di 


has a greater effect. in this respect, the 


Convention 


ate hatween i if 


ts Hit 


cut ctystal nas 


qT 
© negative temperature coefficient of 20 to 25 narts ner 


f per degree centigrade ( 
a $000-ke crystal produces g |; 
to 1250 cps), and the Y-cut crystal nus u pesitive teipvera- 


cient of 75 to 125 narts per million ner deqree 


centigrade, us, it can be understood that various crystal 
cuts provido-ditferent temperature ccalficient 


able for different ranges of operation, with eact: different 
cut designed tor zero temperature coetficient {see orevicuis 
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GT cut is the only one which covers a large range of tem- 
peratures.) For exact frequency operation, as needed in 
frequency standards or for special uses, temperature com- 
pensation is utilized, with the crystal ground and cut for a 
zero temperature coefficient over « temperature range easily 
sustained by the thermostatically controlled oven. 

The effect of the crystal holder and the shave of the 
crystal have a slight effect on the resonant frequency, 


which varie: 


may be clamped at the edues without affecting operation 
{see accompanying illustration), reas ah ut crystal 
will osciilate only if all edyes are free, Since the crystal 


bor example, a Y-cut crv 
8 BM a rout ery 
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the plates of the holder. Thus air gap tolders, provided 
with a variable top plate adjustment, are sometimes used. 
Changing the effective capacitance by adjusting the gap 
changes the frequency of operation lightly (from S00 cps 
to 3000 cps maximum). 
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Crystal Equivalent Circuit 


The electrical equivalent circuit of the crystal and 
holder is illustrated in the figure above, to show the paro- 
meters and components needed to simulate a single quartz 
crystal, The inductance, L, is on the order of henries (for 
low-frequency crystals) with a Q of 190,000 or better. The 
series resistance, R, varies from unit to unit but is usually 
less thar 500 ohms (the lower the better since it represents 
a loss of power). The capacitance of the crystal without a 
holder is represented by C and is on the order of a few 
picofarad.. Where an air gap holder is used, the capaci- 
tance of the holder cit gap is in series with the crystal, 
as indicated by Cg. The holder capacitance (with no air 
gap) appears in shunt with the crystal and also includes 
any wiring, stray, and distributed capacitance plus the grid 
interelectrode capacitance of the tube, all of which are 
lumped together as Cg. For the parallel-resonant mode of 
crystal operation, this capacitance is fixed at 32 picofarads 
for Military Standard crystals. 

The Miller-tyze ervsta! oseillator uses the crystal con- 
nected between the grid and cathode tube elements. Re- 
cause of its popular usage, it is sometimes considered the 
basic crystal oscillator. However, the Pierce-type crystal 
oscillator which uses the crystal connected between the 
gtid and anode tube elements, and is discussed later in 
this section, is also a basic type of crystal oscillator. In 
some other texts the Miller oscillator may be called the 
Pierce-Miller oscillator. However, to avoid confusion in 
this Handbook, the grid-cathode-corinectec crystal is called 
the Miller oscillator, while the grid-plate-connected crystal 
is called the Pierce oscillator. The Miller circuit is popu- 
larly used because, for a given amount of crystal excitation, 
it provides a greater output than any other circuit arrange- 
ment; the output is greater because the | asic feedback 
occurs between the grid ard plate of the electron tube, and 
not through the crystal. This also prevents the crystal 
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from being subjected to sufficient strain to cause frocture 
of the crystal, and the tube may be driven harder. 

Circuit Operation. The basic Miller oscillator is shown 
in the accompanying illustration. The crystal is located 
between the grid and cathode, and grid-leak bias is obtained 
through Rl, with the shunt capacitance of the crystal, 
together with that of the holder, acting as the grid-leak 
capacitor, The tuned tonk circuit, LC, is located in the 
plate-to-cathode circuit. As shown, the rfc and Cl form a 
conventional series plate-feed decoupling circuit, but the 
tank may be shunt-fed, if desired, 


vi 
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Basic Crystal (Miller) Oscillator 


Crystal action in controlling oscillation can be explained 
as follows: Assume that the tank circuit in the basic 
oscillator is tuned to a higher frequency than the anti- 
resonant (parallel-resonant) crystal frequency, so that the 
plate circuit appears inductive. Assume also that filament 
and plate potentials are applied and that the crystal is not 
vibrating. A positive voltage is present between plate and 
ground, and a negative voltage is present between grid and 
ground (due to contact potential). By piezolectric action, 
the negative grid voltage will cause the crystal to be de- 
formed slightly. Assume that a noise pulse occurs and 
causes the grid to go more negative, thus further deforming 
the crystal. The deforming of the crystal produces a piezo- 
electric action, increasing the charge on the grid in the 
same ditection, and drives it further negative. When plate 
current cutoff is reached, the feedback becomes zero, and 
the accumulated grid voltaye discharges through grid leak 
resistor Rl, As the grid voltage is reduced, the deforma- 
tion of the crystal is reduced, and the negative piezoelec- 
tric charge on the grid is also reduced by a corresponding 
positive induced piezoelectric voltage until plate current 
again flows. This cumulative action causes the crystal to 
vibrate mechanically near its parallel-resonant frequency. 
Once started the vibrations continue and induce in the grid 
circuit an a-c voltage of a frequency almost equal to the 
vibration frequency of the crystal. As long as the plate 
tank is tuned to present an inductive reactance, the proper 
phase for feedback is maintained. When the tank is tuned 
on the capacitive side of the frequency of oscillation (to a 
lower frequency), the phase of the crystal oscillation 
opposes the plate-to-grid feedback, and oscillation is re- 
duced and eventually stopped. Tuning the tank circuit 
allows the feedback to be controiled from minimum to maxi- 
mum with a corresponding output. To produce the proper 
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phase relationship, tuning is approached from the high 
capacitance side of resonance. Plate current varies in a 
similar manner from a high value to a low value at the 
optimum point, then suddenly increases and abruptly reaches 
its normal static (non-oscillcting) value as the series- 
resonant frequency is approached. The action described, 
although slightly exaggerated for ease of understanding, 
happens very quickly. That is, the tube reaches its class 

B or C operating condition in one or two cycles of operation. 

Since the crystal is essentially the equivalent of a high- 
Q circuit, it resonates only over a very narrow range of fre- 
quencies (tuning is very sharp}. Therefore, slight changes 
in tube parameters and supply voltages have ¢ minimal 
effect, about 100 to 200 times less than in the conventional 
LC oscillator. 

Biosing Considerotions. in the uc 
the bias is supplied hy means af grid-leak 
action, as in the conventional LC feedback oscillator. 
Since the crystal represents a very high-G circuit (a Q of 
100 times or more than that of the conventional LC tank), 
it is evident that grid leak resistor Rl effectively acts as 
a shunt for the voltage generated by the vibrating crystal. 
Therefore, an t-{ choke is sometimes placed in series with 
the grid leak to reduce the load on the crystal and help it 
start oscillating more easily. When a bias battery replaces 
the grid leak and the series-connected 1-f choke is also 
used, the grid operating point is fixed by the battery bias, 
and the circuit can be adjusted for maximum power output, 
with minimum crystal excitation and good output waveform. 
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dsen ant ma 
together with the t-f choke and with or without the grid 
resistor, normally provides the most effective starting, and 
is used where Keyed oscillator operation is required (maxi- 
mum stability dictates that keyed operation be avoided}. 

As the bias is increased, the crystal current increases, 
because more excitation is needed to swing the cperation 
into the cutoff region and overcome the bias. ‘Tne increased 
bias also increases the mechanical distortion of the crystal 
and causes it to vibrate harder. If driven excessively, the 
crystal will shatter, 

Other Considerations. The plate voltage applied to the 
crystal oscillator is limited to a value lower than tl f 
plied to the stenderd LC ascillatar, hecnuse as the power 
increases with dn increase of plate voltaye, so does the 
feedback vol 


JE, wide an tui 


ii} it may exceed the vaiue + 
vibtate so strondiv t 3 


ture of the crystal depends upon tne current How through it 


sing, de- 
Client is posilive 


operation will vary, either increa. 
pending upon whether the temperature coe 


at negative. 
ot negative. 


Temperature cha 


nges extefnal to the crystal wi 


the Grid -te-plate interalectade ene: 


supply voltage changes will chanye the plate impedance 


900,000.102 OSCILLATORS 
plate load impedance will affect the phase shift in the 
feedback loop, and cause the crystal to operate at a fre- 
quency somewhat nearer to or farther from the antiresonant 
frequency, to satisfy the conditions for sustaining oscilla- 
tion. 

The Miller oscillator provides an average frequency 
deviation of approximately 1,5 times that of the Pierce 
oscillator {to be discussed !ater) and is thereiore less 
stable than the latter circuit. On the other hand, it will 
give the same output (or slightly more) with only half the 
grid excitation and crystal current. Thus, with the same 
excitation, the Miller oscillator can supply twice the power 
of the Pierce oscillator and effectively obviate the need 
for an additional stage of amplification to pring its output 
up to the value needed to drive a following power ampli- 
fer. (The nigh uutpul power Juiyely cecounts for the 

t circuit and its aimost universal 
used.) When us na pentode, the Miller circuit-provides 
maximum output with minimum crysiai strain and excitation, 
and also yreater stamiaty (see the Electron-Coupled Crysta! 
Oscillator circuit discussion given later in this section}. 

Detailed Analysis, The basic Miller oscillator is con- 
sidered to be « variation of the tuned-grid, tuned-plate 
oscillator, in which the feedback occurs solely through the 
grid-plate interelectrode capacitance. The equivalent cir- 
cuit of the Miller oscillator is shown below with bias and 
plate voltages omitted for simplicity. The crystal tank 
(tuned-grid) circuit is represented by Ly, Ri, Cs, tuned by 
interelectrode capacitance Cgi, and the plate tank by Lz, 
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Basic Miller Equivaient Circuit 
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Ra, tuned by variable capacitor C2. The two circuits are 
coupled by the internal plate-grid capacitance, Cpg, for 
feedback purposes. 

The plate circuit must appear inductive so that the cor- 
rect phase shift will be produced in the developed 1-f plate 
voltage to compensate for the effect of the resistance in 
the feedback loop; this resistance prevents the necessary 
180-degtee phase rotation of the equivalent generator volt- 
age of the amplifier from occurring entirely in the feedback 
circuit. Since the load capacitance is function of fre- 
quency, the Miller oscillator cannot be operated at more 
than one frequency and still present the same locd capaci- 
tance to each crystal unit, unless provision is made for ad- 
justment of the circuit parameters. Hence, the tuned tank 
circuit is required so that the plate circuit will appear 
inductive. when the tank is tuned to the high-frequency side 
of crystal resonance. 

Let us examine the means by which the proper phase 
relationships hetween the grid and olate voltages are main- 
tained to produce oscillation. In the conventional etectron 
tube, the grid and plate voltages are always 120 degrees out 
of phase. When the grid voltage is positive, it causes the 
plate current to increase. Consequently, the voltage drop 
across the plate load impedance produces a neyative-going 
output voltage. If this cutput were fed back to the grid, 
it would oppose the grid voltage and reduce or prevent any 
possible oscillation. To produce oscillation it is neces- 
sary to shift this phase another 180 degrees. Thus, a posi- 
tive-going grid voltage must be reinforced and enhanced by 
d positive-going (ieedback} voltage from the alate circuit. 
If the feedback voltaye is sufficient to replace any losses 
in the feedback circuit, continuous oscillation will occur. 
Now consider the crystal oscillator equivalent circuit which 
follows. 
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Crystal Oscillator Equivalent Circuit 


The equivalent generator voltage is ~ HEg, where nis 
the amplificator factor of the tube and Eg is the excitation 
voltage on the grid. Ry is the plate resistance of the tube, 
and Zp is the plate impedance from plate to cathode, with 
Zq as the grid impedance from grid to cathode. These im- 
pedances are reactive, and must always have the same sign 
for oscillation to be produced. Considering on ideal circuit 
with no feedback losses, the plate-to-grid impedance, Zug, 
is the dominant impedance in the feedback circuit, and is 
always opposite in sign to Zpand Zg. li Zp and Zg are 
positive, Zpg is negative; thus the current, ig, leads eg 
and —— ,zEg by 90 degrees. If Zp and Zg are negative, Zpg 
is positive; thus ig lags e, 90 degrees. The voltage across 
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Zong, Of course, is in phase with e, in both instances. Since 
Zg is opposite in sign to Zpq, Eg is thus opposite in sign 

to €p, and the required phase reversal takes place. Note 
that ig is first rotated in phase with respect to €p; next, 

€q is rotated in the same direction with respect to ig. 

In a practical circuit, the feedback losses cannot be 
zero; thus on exact 180-degree reversal cannot be obtained 
in the feedback circuit aione. This means that ep must 
first be rotated by an amount exactly sufficient to make up 
the losses in the feedback circuit. To do this, the plate 
tank is tuned te a higher frequency than the antiresonant 
crystal frequency. Therefore, Zp appears as an inductive 
reactance, and ep is rotated in a leading direction. The 
smaller the value of Rp, the more nearly will Z, control the 
phase of ip, and the more detuned must the tank circuit 
become in order to produce the necessary rotation of e,. 

If practically all the resistance in the feedback armis be 
tween the grid and tne cathode, as is normally the case 
when €q is developed directly across the crystal unit, ep 
must be rotated through a larger angle than otherwise, 
thereby requiring the tank circuit to be detuned to a greater 
degree. 

In a conventional parallel-resonant crystal oscillator 
having an ideal feedback arm, the frequency would be en- 
tirely determined by the resonance of the tank circuit; thus 
fluctuations in Ry, although effective in changing the acti- 
vity, would not affect the frequency. fn practical circuits, 
changes in both Rp and Z, will slightly shift the phase of 
Ep and, consequently, the frequency. The basic amount of 
frequency shift is fixed by the crystal used, varying directly 
with the Q and the shunt capacitance of the crystal. This 
is the reason for using a standard value of 32 picofarads for 
crystal capacitance; the Q depends upon crystal nrocessing 
and composition, and thus varies somewhat. 

In the Miller circuit, the maximum permissible voltage 
across the crystal unit is (k + 1) times the maximum voltage, 
where k is the gcin of the stage and is equal to ep /e,g, as 
shown in the crystal equivalent circuit. Theoretically, 
this gain can approach the mu of the tube as a limit when 
the load impedance, Zz, is large as compared with the 
plate resistance, rp (as shown by the simple electron tube 
amplifier equivalent circuit below); this explains the large 
output obtainable from this circuit when used with hi-mu 
tubes. 
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When a pentode, instead of a triode, is used as the os- 
cillator tube, it is usually necessary to insert a small 
feedback capacitance between plate and grid, because of 
the small value of interelectrode capacitance present in the 
pentode. The output waveform is also improved by using 
a tuned tank circuit with a low L/C ratio. Since the tuning 
must be such that the tank impedance appears inductive, 
the tank circuit provides an effectively high-Q plate load 
when the tank capacitor is set for the proper load capaci- 
tance. 


FAILURE ANALYSIS. 

No Output. Since the crystal controls oscillation, the 
crystal will not oscillate and no output will be obtained if 
ihe uiyetil is removed, if poor or | der eannactions 
cause an open or high-resistance circuit, it the plate circuit 
is detuned sufficiently, or if no plate voltage is present 
because of open- or short-circuit conditions. When sustained 


ing (caused by too high a crystal r-f excitation cur- 


1g (rau crystar 


\ produces burnt spots on the holder or crystal, it will 
not oscillate until cleaned (this condition normally does not 
oceur in pressure type holders, but may occur in unloaded 
or air yap holders). Navy policy is to return defective 
crystals to the ctystal laboratory for repair. Do not attempt 
to clean crystals. An open r-f choke or a short-citcuited 
plate bypass capacitor wil! remove plate voltage from the 
tube, and the crystal will not oscillate. Poor soldered con- 
nections on the tank coil in a series-fed circuit will pro- 
duce a similor result. An open-circuited grid RFC ina 
cireuit using no grid or cathode bias resistor will open the 
grid circuit and prevent oscillation untess the crystel 1s 
defective and has a low resistance. Insufficient feedback 
capacitance between. tube elements (most likely to be associ 
ated with pentodes) will cause the crystal to stop oscillat- 
ing (this condition will not occur in an oscillator which has 
previously oscillated unless the tube becomes defective). 
Sunstitution of a known good crystal will quickly dete! 
whether the crystal or circuit is defective. 

Reduced Output. Low plate voltage, a detuned plate 
tank circuit, or a ctystal of low activity will result in te 
duced output. An open-circuited tank tor will allow 
the circuit to act as an untuned pl 
featback is net too greatly out-of-ohase, may permit weak 
oscillation; this trouble may be easily located because the 
tuning of the tank will aot uffect the plate current, and 
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incorrect Frequency. Since frequency is primarily deter- 

mined by the crystal and tank circuit tuning, either a defec- 

tive crystal or tank circuit may cause a change of frequency. 


must be repluced, 
GRID-PLATE (PIERCE) CRYSTAL OSCILLATOR. 


APPLICATION. 

The Pierce crystal oscillator circuit is used to supply 
approximately a sine-wave output of relatively constant fre- 
quency, usually within (although not restricted to) the tf 
range. This circuit is used wherever a specific frequency 
of extreme stability and of moderate power output is needed, 
such as the basic oscillator in multistage transmitters, test 
equipment, receiver-converters, etc. it is usually inter- 
changeable with the Miller oscillator in low- and medium- 
frequency applications, but it is not often used in high- 
frequency applications, mostly pecause of its low output. 


CHARACTERISTICS. 

Utilizes piezoelectric effect of a natural or synthetic 
crystal to control frequency of oscillation, 

Crystal is connected between yrid and plate (or any 
other element acting as an anode) of an electron tube. 

Does not require an (.C tank circuit for fundamental 
mode operation. 

+E teedback occurs only through crystal. 

Operates normaily with class B or C automatic self-bias, 
ut may be operated class A ot with combination fixed and 
elf-bias for soecial design. 

Frequency stability is excellent, with or without temperd- 
ture compensation, 
Outout amplitude is relatively constant. 


bu 


CIRCUIT ANALYSIS. 

General, The generalities applicable to the basic crystal 
oscillator in the ciscuesion of the Miller circust are alse 
applicnble to the Pierce circuit. The simplicity of the 
Ularca agi er, witn its tack Ot tuneG piuie taux and its 


ability to oscillate easily over a broad range of frequencies 
with different crystals, makes it popular for use in crystal 


pment, and in trans- 


ince it exhibits opposite effects. Thus, instead of operat- 
as on inductive reactance us the Miller circuit does, 


operates as o capaciti actance (when 
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4s approximately half that permissible with the Miller cir- 
cuit. The plate load of the Pierce oscillator is resistive 
and is usually large enough in value that minor fluctuations 
in the tube plate resistance have much less effect on the 
frequency of operation than in the Miller circuit. This is 
used to best advantage when 0 pentode is employed, since 
its inherently high plate resistance and low grid-plate 
capacitance permit a greater range of plate load with the use 
of an external capacitor to fix the amount of excitation, 
Cirevit Operation. The basic Pierce oscillator circuit 
is shown in the accompanying illustration, Conventional 
grid-leak bias is obtained through C, and Rg, which operate 
as described previously in Section 2 and in the LC Tickler 
Coil Oscillator Circuit discussion given previously in this 
Section. The crystal, which is connected between grid 
and plate, offers a high Q. The inductive reactance of the 
crystal, together with the capacitive reactance of Cl (which 
consists of tube and stray wiring capacitance), provides 
the final phase rotation required to produce the 180-degree 
shift in the feedback voltage in order to sustain oscillation. 
The plate load is resistor Rl. C2 is the conventional plate 
bypass capacitor used in series plate feed arrangements. 
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Pierce Crystal Oscillator Circuit 


The use of resistor Rl in the plate circuit provides a re- 
latively flat response over a wide range of frequencies, so 
that various crystals may be substituted for operation on 
other frequencies without any tuning being required. In 
some instances, however, when it is desired to operate on 
a single frequency or over a narrow range of frequencies, 
with increased output, an t-f choke is substituted for Rl. 
This choke eliminates the d-c power loss in the resistor 
and provides a high r-f impedance for proper operation; 
sincé the plate voltage is increased, the (resistor voltage 
drop is eliminated) output is also increased. 

Now consider one cycle of operation. Assume that 
ctystal Y is at rest and that the circuit as illustrated above 
is inoperative, with no plate voltage applied. At rest, the 
crystal is unstressed and there is no charge on either plate. 
When the plate voltage is applied, since no bias exists 
initially, heavy plate and grid current flows. Simultaneously, 
the crystal is stressed by this plate potential, and a peizo- 
electric charge appears across the crystal. The sudden 
shock of applied plate voltage causes the crystal to start 
oscillating at its parallel-resonant frequency. Assume also 
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that the plate voltage stress induces a positive piezolec- 
tric charge on the gtid, which tends to increase plate cur- 
tent and grid current flow. The plate current quickly 
teaches saturation at some low plate voltage, caused by 
the drop through plate resistor Rl. Meanwhile, gtid current 
flow is producing a negative voltage drop across Rg, thus 
charging Cg. As the crystal vibrates in the opposite direc 
tion, it induces a negative charge which adds to the nega- 
tive grid voltage produced by the charging of Cg. As are 
sult, plate current is now reduced by the increasing grid 
bias, and the plate voltage rises. “The rising plate voltage 
again induces a positive charge on the grid. The crystal 
now flexes in the opposite direction, and the plote voltage 
again induces a positive charge on the grid by piezoelectric 
effect. Grid current flow again tends to charge Cg, and 
the cycle is repeated. 

For oscillations to occur, the crystal must be effectively 
synchronized in its vibration, so that the piezoelectric 
effect does not oppose oscillation by reducing the feedback 
between grid and plate. The proper phasing is accomplish- 
ed by connection of the crystal between grid and plate. 
The inherently high Q of the crystal makes it act as a large 
inductor to shift the phase of the feedback voltage in the 
proper direction to cause oscillation. Capacitance C1 pro- 
vides additional phase shift to complete the 180-degree 
rotation needed. 

Bias Considerotions. As in the conventional LC oscil- 
lator, grid-leak bias may be employed for self-bias and 
amplitude stabilization, but unlike the grid-leak circuit in 
the Miller oscillator previously discussed, it usually em- 
ploys a grid capacitor (Cg) because the crystal is connected 
between grid and plate and cannot provide the necessary 
gtid-leak capacitance. 

During operction, grid bias is produced by the grid leak 
and capacitor combination of Rg, Cg As grid current is 
drawn the capacitor charges, and in the absence of grid 
current it discharges. After a few cycles of operation an 
equilibrium state is reached where the slight amount that 
leaks off during the negative cycle just equals the amount 
of chatge during the positive cycle; thus a steady bias is 
maintained. This action is similar in all respects to that 
of the conventional grid leak in other forms of oscillator 
circuits. 

Since the excitation in a Pierce oscillator is low, it is 
common to use a higher value of grid-leak resistance than 
in the Miller oscillator (grid bias is equal toIgR,). Fixed 
bias can be used in place of grid-leak bias to stabilize 
the operating point; however, fixed-bias operation 
normally requires that starting provisions be made, 
particularly if the bias voltage is at or below cutoff. 

Where a power-type oscillator is required, a combination of 
cathode bias and grid-leak bias is sometimes employed. 
Use of the cathode bias provides a protective bias voltage 
in the absence of excitation and allows the use of a lower 
value of grid-leak resistance. However, the use of the 
combination bias also recuces the starting sensitivity and 
may be objectionable for keyed oscillators. 

Other Considerations. Although the Pierce oscillotor is 
normally used without a plate tank circuit, this is not al- 
woys so. Where the output waveform is important, use of a 
selective tuned circuit in the plate circuit minimizes the 
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harmonic content in the output and thus provides a purer 
waveform than is produced by a resistive plate load, which 
is not frequency responsive and provides a high harmonic 
content. Selection of the circuit with a resistor plate load 
for use in a crystal calibrator to supply harmonics af 200 to 
300 times that of the fundamental proves particularly ad- 
vantangeous. On the other hand, when overtone operation 
is desired, the Pierce circuit muat usé a tuncd tank circuit 
to select the desired overtone if a useful and practical 
output is to be obtained. 

Since this circuit is a vigorous oscillator, it lends 
itself to use as a muitifrequency oscillator which permits 
numersus crystals te be switched into the circuit to obtain 
operation over a wide range of frequencies, as shown in the 
following illustration. A particular advantage of the Pierce 


Multifrequency Crystal Osciflator with Plate Tank 


oscillator is that, since crystal activity varies considerably 
irom crysial tw crystal, it will operate with a weak crystal 
as wall as a strong one. Since the Pierce oscillator is 
normally operated at a lower output than that of the Miller 
oscillator, an additional amplifier stage can bring the output 
up to the same level. Such operation can be accomplished 
conveniently by using a single dual-triode tube as oscilla- 
tor and amplitier. 

Taek of a tuned output Circuit sometimes causes dif- 
na ctystal is used which has o aueng over- 


strongest activity. “However, tms is a loult of he Gvstus 
rather than the circuit, as a fundamental-ground erystal has 
its greatest activity at the tundamentai ifequency. 
Because the plate impedance is resistive and of a 
high order, fluctuati sistance of the iube 
(which are only 0 smail percentage oi the totai plate 
resistance} because of verving supply voltages or loads have 
less effect on the output frequency. so that this circuit 
is basically more stable than the Miller type oscillator. 
Because the crystal is in series with the feedback 
nas fyll plate voltage across it, 
to keen the fixed olate 
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and produce shattering of the crystal, or a frequency chang 
due to heating of the crystal. 

Cireult Modifications. Some typical circuit modifications 
made to improve the operation of the Pierce circuit or to 
overcome an inherent defect are shown in the following 
ns and are accompanted by a brief explanation. 
There are many variations of the hasic Pierce circuit, 

2 crystal is connected between the 


other than the cathode, the r 
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grid and any eleme 
oscillator is basically a Pierce circuit. 
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Grounded-Plate Pierce Circuit 


The qrounded-plate version of the Pierce circuit 
uses a capacitor, C2, to block the plate supply from the 
crystal and thus minimize the electrostatic strain on the 
crystal. Sometimes an mf choke is placed in series with 
the cathode to reduce the shunting effect of Cl; however, 
this choke is unnecessary if the other components are 
properly chosen. The plate load resistor, Ri, may or may 
not be used (when it is not used, C3 is also eliminated), 
It might appear that, with no cathode choke and no plate 
load, the shunting effects of Cl and the power supply 
capacitor would effectively short-clrcult the crystal output, 
however, since the output is taken directly between the 
crystal and ground, the shunting has little effect, and maxi- 
mum crystal output ts obtained, 
ircult is practically identical 


with that of the basic Pierce oscillator, Even though the 


schematic ot the grounned plate Pierce circuit shows that 
C2 pre 3 te voltage fr taining the crystal, 
it does not nrayant the plate Voltage changes from appearing 
on the crystal, Furthermore, C2 is charged and discharged 
through the crystal capacitance. Therefore, the crystal 
is initially shocked into oscillation by the a-¢ or r-f volt- 
age changes occurring in the plate and grid circuits. Once 
oscillations are started, the operation is identical with that 
previously described for the basic circuit. 

Ancther variation, using combination cathode and grid- 
leak dius, is shov 


a the following figure. 
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Ce 


Combination Bias Arrangement 


In the circuit above, Ri is a low-value resistor (say 200 
ohms) and furnishes cathode bias, being bypassed by Cx. 
Grid-leak bias is supplied by Rg (resistance on the order 
of 100,000 ohms) and Cg. The grid capacitor is made vari- 
able to provide a slight amount of tuning for the crystal, in 
order to permit operation with crystals of different fre- 
quencies, Actually, it has the same effect as C; in the 
basic Pierce circuit, shown previously; that is, it provides 
the proper phasing for the predominantly inductive crystal 
to ensure oscillation. Capacitor C2 effectively reduces 
the strain on the crystal though it does not isolate it from 
the plate supply. In this respect, both this circuit and the 
preceding circuit show two variations of us.ag a blocking 
capacitor in series with the crystal to reduce the crystal 
strain. This is done to protect the crystol; with a constant 
d-c potential applied to the crystal, it would be permanently 
strained in one direction, and could be shattered by the 
excessive strain produced when the oscillations are in the 
same direction as the applied plate voltage, causing it to 
vibrate greater in one direction than the other. In the cir- 
Cuit above, the plate load resistor is replaced by inductor 
L1 to avoid thed-c losses ina resistive load. The induc- 
tor also makes it desirable to have Cg variable to compen- 
sate for the phase-shifting of L1 (it is assumed that the 
distributed capacitance of L1 in this case does not tune the 
inductor to the frequency of oscillation). Resistor Rl is a 
voltage-dropping resistor which is used to reduce the plate 
supply voltage to the desired plate voltage level; it is not 
required if the correct voltage is provided by the power sup- 
ply. Capacitor Cl is the conventional series-feed decoupl- 
ing capacitor. 

Another method of connecting the crystal to avoid the 
strain produced by the plate voltage is to ground the cry- 
stal directly and to ground the plate through a capacitor, as 
shown below. With this arrangement, the cathode must 
operate above ground, and an r-f choke is used to provide 
the necessary isolation. Capacitor C3 effectively grounds 
the plate so that the crystal is connected between grid and 
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Grounded-Crystal Circuit Variation 


plate, but is unstrained by thed-c supply potential. Resistor 
Rg, and capacitor C2, together with RFC and Re, provide 
combination grid-leak and cathode bias, and Cl and C2 

form the typical Colpitts type capacitive feedback voltage 
divider. Capacitor Ct represents the total grid tuning capa- 
citance (both the interelectrode and stray wiring) which is 
the effective tuning capacitance across the crystal (32 
Picofarads for MIL-STD types). In this case, it is clearly 
seen that thecrystal acts as the tank circuit (see U1- 
traudion Oscillator equivalent circuit shown below), but 

that it is shunted by the grid leak, which effectively reduces 
its Q. The output is taken from across the crystal through 
coupling capacitor Ce. 

Again, the circuit operation of the grounded-crystal 
stage illustrated above is practically identical with that of 
the basic Pierce oscillator previously described. The cry- 
stal is shocked-excited into vibration by the a-c plate and 
grid voltage changes. In addition, the capacitive voltage 
divider formed by Cl and C2 provides additional feedback 
to overcome the shunting effect on the crystal caused by 
grid leck Rg. Their value is such that the circuit will not 
oscillate with the crystal removed. Their use makes the 
circuit easier to start, and permits the use of crystals with 
tuch weaker activity thon normal. 

Detailed Anolysis. The Pierce oscillator is considered 
to be the ultraudion version of the Colpitts type of L-C 
oscillator circuit, with the crystal taking the place of the 
plate tank as illustrated in the accompanying illustrations, 

The Pierce circuit operates at a frequency which places 
it on theinductive side of parallel resonance in the crystal. 
When a plate tank circuit is used, it is always tuned to a 
lower frequency to make it appear as a capacitive reactance. 
Thus, the crystal operates somewhere between its series- 
and parallel-resonant frequencies. The tube grid-plate in- 
terelectrode capacitance, Cgp, is in shunt with the crystal, 
and the effective tank tuning capacitance of the inductive 
crystal is the electrostatic crystal capacitance (represented 
by C in the Ultraudion equivalent illustration) in parallel 
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tric chorge applied ta the arid~cathode interelectrode capa- 
citance, Cg, that couples the crystal into thecircuit elec- 
trically, os is evident from examination of the Pierce equi- 
valent circuit shown previously. Because the plate circuit 
is predominantly resistive, small fluctuctions in tube plote 
istance due to changes in operating voltages are 7 
smaller percentage of the over-all tetal plate resistence; 
therefore, F y is ohtrined than in tre 
tuned plate oscillator, in which esi 
are a much grester percentage of the total load resistanes. 
The higher plate resistance ond lower grid-plete capecis- 
se of the = n gtid tube are particularly advant: 
ilator, Since the is effect 


agarty the 


stance changes 
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FAILURE ANALYSIS. 

No Output. if the crystal is removed or if poor or deizc- 
tive holder connections cause an open (ot high-tesistance) 
vircuit, the crystal will not oscillate, ond no output will be 
obtained. Also, if the plate load resistor is open or if c 
short circuit lowers the plate voltage sufficiently, the crvs- 
ai will not oscillate. In the case of over-eycitation when 
the crystal may he 
surat i: iar een the crystal ond mou: 
slates, and it will not cperate unti} cleoned. (Return cr 
ai 19 renee cenier; do not attempt to Clean it youseit.; 

a onorly sealed holder, dust occumulation or moisture wor. 


and y also sae crystal cleaning necessary 
tormally, the sealed, pressure-type holder, clesrivc 


isunpecessary An apen series biocking capgcitos wil! 
4iseonnect the crvstal and stop operation. 
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dirty crystal may not oscillate at all or only weakly, and 
could be the cause of reduced output. With unsealed crys- 
tal holders a reduction in output, hard starting, or stoppage 
of oscillation was a signal for possible cleaning; however, 
with modem sealed holders the possibility of crystal con- 
tamination is not very likely, but should be kept in mind. 
(Return crystal to repair center; do not attempt to clean it 
yourself.) 

Unstable Output. Instability may be due to an inter- 
mittent or poor (high-resistance) connection in the feedback 
circuit, but it is more likely to be due to a detective crystal 
which has been partially fractured by over-excitation. A 
crystal which normally operates satisfactorily in a tuned 
Miller oscillator may be defective and have a spurious fre- 
quency which is produced alternately with the desired fre- 
quency, when the crystal is used in a Pierce circuit, and 
thus cause an unstable output. Such a condition is evi- 
denced by changes in frequency, due to erratic jumping 
from one frequency to the other. 

Incorrect Frequency. Since the crystal frequency is 
primarily determined by its own constants, an incorrect 
frequency is probably the result of a change in the crystal 
itself or in the holder and associoted wiring capacitances, 
Normally these changes ate very small. If the crystal is 
not temperature-controlled, over-excitation can cause suf- 
ficient heating of the crystal to change the frequency; this 
condition is normally indicated by a continuous drift in 
one direction as the crystal is heated, A zero-temperature- 
coefficient crystal operating within its range of compensa- 
tion will not be affected by minor temperature changes. 
Since a tuning adjustment is usually not provided, a 
noticeable change in crystal frequency indicates a circuit 
or crystal parameter change which should be checked. With 
the few parts concerned in this type of oscillator, it should 
not be too difficult to determine the defective component. 
Crystal or tube aging effects may also cause a change in 
frequency, which would be indicated by a slow change over 
a long time, Any decrease in gtid circuit resistance may 
cause an increase in frequency, and an increase in the grid 
resistance due to high-resistance contacts may decrease 
the frequency. Cleaning the crystal sometimes restores it 
to its normal frequency of operation. However, do not 
attempt this yourself. Return it to the repair center. Actual 
aging of the crystal may cause a change of frequency, which 
is not correctable except by arinding or plating (at the 
repair center) to restore the proper thickness. Such aging 
usually does not occur quickly, but is cumulative over a 
long period of time. It should be noted that frequency is 
based upon time and that time is controlled astronomically 
and does vary in very minute parts. Thus, primary frequen- 
cy standards are only accurate to 2 or 3 parts per 100 
million for short time operation, but this accuracy decreases 
as the time interval is lengthened. Therefore, crystal fre- 
quencies should not be expected to be absolutely accurate. 
However, they should be as accurate as their rated toler- 
ance, and should normally require a stable secondary fre- 
quency standard to determine their error. Where crystal- 
controlled receiving and transmitting frequencies are in- 
volved, it may sometimes be suspected that either one or 
the other is in error when, in fact, both could be in error. 
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ELECTRON-COUPLED CRYSTAL OSCILLATOR. 


APPLICATION. 

The electron-coupled crystal oscillator is used almost 
universally to provide an approximate sine wave 1-f output 
over the low-, medium-, and high-frequency r-f ranges. It 
utilizes a screen grid or pentode tube to provide extreme 
stability and greater output than is possible with a basic 
triode crystal oscillator, and is widely used in transmitters, 
receivers, test equipment, and other equipments which re- 
quire crystal frequency control. Its widest application is 
for frequency multiplication in the plate circuit. 


CHARACTERISTICS. 

Utilizes piezoelectric effect of a natural or synthetic 
ctystal to control frequency of oscillation. 

Uses electron coupling to the load to reduce strain on 
crystal, to minimize load variations, and to provide extra 
stability. 

Normally operates with automatic self-bias and class C, 
but may be operated with combination fixed and self-bias 
and class A or B for special design purposes. 

Frequency stability is better than frequency stability of 
triode crystal oscillator, and power output is also greater, 

Output wavefo’ is a relatively constant omplitude sine 
wave, but if outpy —_— primary consideration it may be a 
distorted sine wave, 

Uses a tuned plate .ank for harmonic operation. 


CIRCUIT ANALYSIS. 

Genera}. The discussion on the Electron-Coupled LC 
Oscillator given earlier in this Section is generally applic- 
able to this circuit. The basic crystal-controlled circuit 
employs either a Miller or Pierce oscillator which utilizes 
the screen grid of a tetrode or pentode tube as the anode, 
Either grounded-cathode or grounded-plate circuits may be 
used, with the grounded cathode being used mostly with a 
basic Miller oscillator, and the grounded plate being used 
mostly with the basic Pierce oscillator. The basic Miller 
oscillator is usually used for single-frequency operation, 
and always incorporates a tuned tank circuit. The Pierce 
oscillator is used where a number of frequencies are to be 
covered by changing of crystals, with no tuning adjustment 
being provided; however, plate tuning is required if harmonic 
operation (frequency multiplication) is desired. 

Circuit Operation. A typical electron-coupled Pierce 
type oscillator is shown schematically in the following 
illustration. The grounded-plate version of the basic cir- 
cuit is used to minimize the electrostatic strain on the crys- 
tal. The illustration shows a pentode tube rather than a 
tetrode because better electron coupling, or looser coupl- 
ing, between load and crystal oscillator is possible because 
of the effect of the suppressor element. The looser coup!- 
ing results from the fact that the screen grid completely 
suttounds the control grid and effectively isolates it from 
the plate circuit, and from the fact that the suppressor, if 
grounded or properly biased, minimizes capacitance coupl- 
ing between screen and plate. Thus, the coupling between 
oscillator and load circuit is provided by the electron 
stream alone, and any reflected load changes have negligi- 
ble effects. Although the circuit shown may at first glance 
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Grounded-Plote Pierce Electron-Coupled Oscillator 


appear to be a Miller oscillator, it can be seen 
cathode is effectively above ground ond that the oscillator 
plate (the screen grid} is grounded for ac by capacitor C4; 
hence, the crystal is connected (as in the typical Pierce 
circuit) between grid and plate {screen}. This type of con- 
nection prevents the supply voltage from placing permanent 
electrostatic strain on the crystal, and is preferted for that 
Teason. 

In the schematic, the suppressor is shown grounded 
through C5, and it is held effectively at zero bias with 
Tespect to the plate by its connection to B+ through R2 (an 
intemaily connected suppressor type tube should nor be 

used in this citcult). Thus, by construction, # 
effectively shielded from the plate, end the coupling effects 
ot plote-catnode capacitance are thereiore reduced. Since 
the oscillate 
‘ed to keep the cathode akove ground ior rf 


taken from aero 


tive coupling. Actually, the plate locd can be an r- 
ed LS 
fundamental frequency. Woes .2 is de. 
triple the frequency, it is necessary to tune the picte 
cuit to the desired harmonic, or overtone, tor maximum out- 
put. Combination fixed-bias (from voltage divider R; ar 
Ry) and seli-bias (from Ry) is used to stabilize the circuit 
agdinst frequency changes caused by bius variations be 
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only temperature effects need be considered when evaluat- 
ing the short-time frequency stability of the circuit. Ina 
typical circuit of this type, changes in resistor values of 
20% result in a frequency change cf only 1 part per million 
{ppm}, and capacitance chanues of up to 10% produce fre- 
quency changes of less then 6 opm, wh! $ changes in 
temperature of the crystal and other circuit parts preduce 
frequency changes as high as 35 opm per degree centigrade 
above ambient room temperature. Use of a crystal with ¢ 
better temperature coefficient and with temperature control 
can reduce this to a short-time frequency variation of only 
2 to 3 ppm. 
Electron coupling also aff eater Output because 
th circuit employs the equ! siya ent of two tubes, the triode 
soction operating as 9 lnw-unttane nserilator with low arid 
excitation and low crystal strain, Gnd the pentoce secuon 
operating as an amplifies y pled to tho oscillator 
on stfeam between scTeen and piste. Thus, 
Ast voltages 
hich if used in the basic oscillator would normally shatter 
the crystal: consequently, the power output from the niall 
fier plate is greater than that from the basic unit. The 
over-cil result is a stapie crystai oscillator operating with 
crystal excitation on t : e 
viding a power output 
the output 1s eguai tw or greater tian the output 
from the basic Miller type power oscillator, and has a 
greater frequency stability. 


Now consider one cycle of operation. When B+ voltage 
is applied, the fixed cathode bias papaes? tk voltage 
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The electron stream between screen and piate varies in 
accordance with the crystal oscillation frequency. Since 
the plate voltage and current are greater than the screen 
voltage and current, the t-f output voltage developed across 
load resistor Rx is larger than the voltage developed 
across the crystal. Since the plate is isolated from the 
screen dnd oscillator section of the tube by the zero sup- 
pressor bias, any load variations or supply voltage changes 
have little or no effect on the oscillatar. Thus, a more 
stable and higher-powered output is taken from the plate 
circuit of the electron-coupled crystal oscillator. The d-c 
power dissipated in Ry, of course, appears as a loss of 
efficiency, since it is wasted in heating the resistor. 

The accompanying circuit schematic shows the Miller 
version of the electron-coupled crystal oscillator. Although 
this circuit requires two tank circuits, it has the advantage 
that doubling (or tripling) can be accomplished in the final 
tank, while the basic stability of the fundamental frequency 
is retained. 


aS 


OUTPUT 


Miller Electron-Coupled Oscillator 


Note that in this circuit the cathode is grounded; hence, 
even though the suppressor is shown externally connected, 
an internally connected suppressor type of tube could be 
used without impairing the electron coupling. Actually the 
second tank circuit (C4, L2) need not be used; a resistor 
or RFC could be used in its place, but tuning the plate 
circuit ensures that the proper output frequency is selected 
and reduces the harmonic content to a minimum. From the 
illustration it is evident that the basic oscillator circuit is 
connected between the cathode, grid, and screen (anode) 
tube elements, just as in the Pierce electron-coupled oscil- 
lator. However, the crystal is connected between grid and 
cathode, and the operation of the oscillator is as described 
previously (see Grid-Cathode {Miller} Crystal Oscillator 
discussion at the beginning of this section of the Hand- 
book). Electrostatic isolation of the plate by means of the 
grounded suppressor limits the coupling to the electron 


ORIGINAL 


900,000.102 OSCILLATORS 
stream alone, thus providing increased stability because of 
freedom from the effects of load variations on the oscillator. 


FAILURE ANALYSIS. 

Ne Output. Lack of output from this type of oscillator 
may be due te a fault in either the oscillator portion of the 
amplifier portion of the circuit. Thus, it should first be 
determined whether the crystal oscillator is oscillating, 
using the failure analysis discussion of the basic oscilla- 
tor as a guide. If the oscillator is operating, then lack of 
output is caused by lack of plate voltage due to an open ar 
short-circuited condition. An open suppressor bypass 
capacitor may cause a virtual cathode to be formed between 
screen and plate and reduce the output almost completely. 
A defective electron tube may oscillate, but have insuffi- 
cient emission to supply any appreciable output in the 
plate circuit. Usually, the cause of a no output condition 
can be quickly localized to a particular part by a resistance 
check of the few components involved. 

Reduced Output. This condition is more likely than no 
output and may be caused by low plate voltage, by the 
presence of a high resistance in the plate load circuit due 
to poor connections, particularly in tuned tank circuits, 
and by excessive bias. Short-circuiting of the cathode bias 
voltage-dropping resistor connected to the supply source 
{Rx in Pierce circuit) would produce cutoff-bias conditions 
and the tube would not operate; an increase in this resist- 
ance would minimize the fixed bias and allow the cathode 
dias alone to prevail, causing class A operation of the 
plate section, so that reduced output and a reduction of 
harmonic content would occur. 

Incorrect Frequency. Since the frequency is determined 
by crystal operation, any basic frequency changes will 
occur solely in the oscillator section, except when the 
circuit employs a plate output tank. If this tank becomes 
tuned (either accidentally or by component failure} to the 
wrong harmonic of the crystal frequency, the circuit will 
produce an output of incorrect frequency. Any changes 
caused by load fluctuations or supply voltage fluctuations 
will be so small that they may go unnoticed unless precision 
measuting equipment is available. 


OVERTONE CATHODE-COUPLED (BUTLER) CRYSTAL 
OSCILLATOR. 


APPLICATION. 

The cathode-coupled (Butler) crystal oscillator is used 
primarily for overtone crystal operation on high or very high 
radio frequencies. Jt is used in receivers, transmitters, 
test equipment, and other equipment which requires the use 
of a stable crystal-controlied high-frequency oscillator. 


CHARACTERISTICS. 

Uses an overtone crystal to provide operation on fre- 
quencies which are not integral harmonics of the funda- 
mental crystal frequency. 

Employs two triodes coupled by the crystal operating at 
series tesonance. 

Normally operates class A, but may be operated class 
C for greater power output. 
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Provides an approximate sine-wave output of relative- 
ly constant amplitude. 


CIRCUIT ANALYSIS. 

General. present time, the Butler cathode-coupled 
two-stage oscillator is probably the most widely used of 
the series mode oscillators because of its simplicity, 

y, frequency stability, and comparatively great 
reliability. This circuit seems to be the least critical to 
design and adjust for operation at a given harmonic with 
any type crystal. The balanced circuit, plus the fact that 
twin triodes within a single envelope can be used, contri- 
butes to a saving in space and cost and provides for short 
leads. The cathode-coupled circuit can also be used for 
operuiion on the lower radio fequencies, provi 
resistance of the crystal unit is not greater than a few 
hundred ohms. However, the power output is less than that 
of the Miller circuit for the same crystal power, and the 
broad bandwidth of operutis i 
the Pierce circuit is not possible. 

At series resonance, the crystal element appears as a 
resistance, so that in the normal circuit it can be short- 
circuited or replaced with a comparable resistor without 
stopping oscillations. Although circuit operation of the 
series-mode oscillator is less complicated than that of the 
parallel-mode oscillator, the circuit design becomes in- 
creasingly critical at the higher frequencies and higher 
overtones, It is vitally important to keep stray capacitance 
atc minimum, and allleads must be as short as possible to 
aliminate unwanted resonances. It is sometimes necessary 
to nullify the shunt ctystal capacitance by paralleling the 
crystal with an inductor which is antiresonant with the shunt 
crystal capacitance at the operating frequency. It may also 
be desirable to connect a capacitor in series with the crys- 
tal to tune out the stray inductance of the crystal leads, 
and tuned output circuits must be provided to select the 
proper overtone. For maximum frequency stability, the 
effective resistance of the circuit facing the crystal unit 
should be as small as possible. At the higher frequencies, 
stray capacitances limit the impedances obtainable with 
tuned circuits, making them more selective, and more etfec- 
tive in influencing the frequency and increasi stability. 

Usually, the output is taken from the plate or cathode 
of either tube. Sometimes the cathode follower {s a pentode 
tube utilizing the cathode, screen, and gtid elements as 

al 


-couple: e 


Vv 


oscillator, which 1s ee! 


provides greater stability and affords the possi- 


Tube V2 is a grounded-grid « 


is supplied through Ri and R2, and V} normally conducts 
more heavily than V2 (both tubes ate identical triodes), 

‘Yne teedback voltage is coupled cupucitively through C; 

to the gtid of V1, and grid resistor Rg provides conventionai 
grid-drive bias which varies with the excitation supplied. 


drawn, and there 


qe i insiunce 


R, acts solely as the grid-return resistor in a conventional 
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R-C coupling network, and the bias is produced by Rl 
alone. In class C operation, grid current is drawn, and grid 
drive bias is produced exactly as in the conventional r-f driven 
amplifier. In this case, the total bias consists of the self- 
bias produced through cathode resistor Ri, plus ihe di 
bias in the gtid circuit. The tuned tank circuit (Ly and 
C3) in the plate of V2 offers maximum impedance at the 
frequency to whichit is tuned. The maximum output volt 
age (and feedback) occurs at this point, neglecting crystal 
operation, The crystal is normally an overtone type, and 
is ground for maximum activity at the overtone frequency 
(fundamental frequency crystals are occasionally used with 
this circuit, but this fact does not materially affect the 
theory of operation of the circuit). Usually the circuit will 
oscillate when the crystal is short-circuited or replaced 
with an equivalent resistance, operating at the frequency 
of the tank circuit. Resistor R4 and capacitor C2 are a 
conventional plate voltaye dropping and decoupling network 
nrovided for series plate feed of V2. Resistor R3 and Cl 
perform a similar function for V1 with sufficient capacitance 
to effectively ground tne niate of Vi for rf at the lrequency 
ot operatio: output 18 taken from the plute of V2 
through coupling capacitor Ue, but it could Gisu be tne. 
from V1 or from the cathode without materially changing 
aneration. 

Off resonance, the crystal exnibits a high resistance, 


which effectively reduces ¢ 


ctively recuces 


feedback and pew 


lation. At the seties resonant irequency, ihe crys 
hibits a low resistance and the circuit oscillates vigorous- 
ly. Since the dain of the cathode follower tube canact 
exceed unity, there is partial contro! of excitation because 
Vi cannot amplify the feedback from V2; as 3 esult, greater 
feedback is provided for a weak crystal th i 
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with successively weaxer oscilletions being obtained as 
the numerical value of the overtone incteases. 

Now consider one cycle 3f operation. When plate volt- 
age is applied to Vi and V2, since no initial bias exists, 
there is a heavy flow of plate current. The flow of olate 
current through Ri and 82 produces 2 cathode bias on each 
tube which reduces the piate current flow. At the same 
time, the flow of plate current in Vi tnrough plate resistor 
R3 drops the supply voltage to the proper value. Any a-c 
variations in voltage produced by changing plate current 
through R3 are bypassed to ground by Cl, and tube Vi 
operates as a cathode follower. The initial flow of current 
shock-excites the crystal so that it vibrates at its series- 
tesonant frequency. At resonance the crystal appears as a 
low value of resistance, while on either side of resonance 
it appears as a large resistance. In the off-resonance, 
high-tesistance state, the crystal attenuates any feedback 
from the plate of V2 through V1 and thus prevents oscilla- 
tion. In the series-resonant state, the low crysta! resist- 
ance permits practically all the feedback to be applied 
across R2. (The crystal resistance, R, and the cathode 
bias resistor, R2, form a voltage divider connected in 
parailel with Rl.) 

With the crystal oscillating on the positive half-cycle, 
assume that a positive voltage produced by piezoelectric 
effect is applied to R2, and increases the bias. The plate 
current of V2, therefore, is reduced. Since the output volt- 
age is developed across the impedance of the plate tank 
circuit, a reduction in plate current produces less drop 
across the tank, and the plate voltage approaches the 
source (goes positive). Thus, a positive-qoing voltage is 
fed through coupling capacitor C; to the grid of V1. The 
positive-swinging grid voltage produces an increase of 
plate current in V1 and a positive increase across cathode 
bias resistor Rl. Since the gain through cathode follower 
V1 is less than unity, no amplification of the siqnal occurs 
through V1. Sufficient feedback occurs, however, to replace 
the small circuit losses; thus oscillation is sustained. 

On the negative half-cycle of operation the crystal de 
velops a negative voltage which is applied to R2. The bias 
on V2 is thus reduced, and the plate current incteases. 
The output voltage produced across the tank circuit is now 
negative-going, and is fed back to the grid of V1 to reduce 
plate current flow. Consequently, the voltage drop across 
cathade resistor Rl is decreased, and a neqative-going 
voltaye is applied through the crystal to maintain osvilla- 
tion. 

Although it might appear that the feedbacs voltaye is 
such as to oppose crystal oscillation, it must be realized 
that this circuit will operate with the crystal removed if 
the equivalent resistance (or o> ohmic connection) is 
placed across the crystal terminals. Operation without the 
crystal, however, is never as statle as with the crystal. 

Circuit Modifications, As with all other oscillator cir 
cuits, there are numefous variations of the basic circuit. 
A typical variation is shown in the accompanying illustra- 
tion. 

This citcuit is essentially identical with the basic 
Butler overtone oscillator, except for the insertion of a 
tuned tank in the plate circuit of the cathode foilower. 
Thus, the cathode follower staye becomes 2 cathode-coupled 
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stage. The effect on over-all operation is to make avail- 
able an output which can be tuned to a harmonic of the over- 
tone frequency (instead of being bypassed to ground as in 
the basic circuit) and provide eifective frequency multipli- 
cation. 

As for as the basic oscillator is concerned, the opera- 
tion is the same as described for the basic circuit. Although 
amplification occurs in the plate circuit, since the plate 
load of ¥1 is tuned to a different frequency, any coupling 
effects through the plate-grid capacitance do not affect the 
basic frequency. 

An electron-coupled version is formed by connecting V1 
as d conventional pentode amplifier which is resistance- 
capacitance coupled to V2, with the frequency multiplying 
tank in the plate circuit of V1, as illustrated below. This 
version is identical with the basic Butler circyit except 
that the screen of Vl acts as the anode of the cathode- 
follower stage. With the screen c-c-grounded through C2 
and the suppressor tied back to the cathode, the plate is 
coupled solely through the electron stream between screen 
and plate. The rfc and C3 form a conventional series plate 
feed decoupling network, and Rac is the scteen resistor. 
All other components function as in the basic oscillator. 

In this circuit V] is usually operated class C, and has a 
high applied plate voltage. Thus, the plate output is con- 
siderably higher than in the previous triode type of frequen- 
cy-multiplying circuit, and the tank Li and C may be tuned 
to either the second or third harmonic of the oscillator 
frequency. The basic tank C. Lz is tuned to the funda- 
mental frequency. 
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Although other versions of the Butler circuit exist, they 
are similar to the versions described above. The identify- 
ing feature ot the Butier oscillator is the connection of the 
crystal as a series feedback arm between two cathode- 
coupled stages. Overtone oscillators with grid-cathode or 
grid-plate connected crystals are special versions of the 
Miller and Pierce circuits. 


FAILURE ANALYSIS. 

No Output. A primary cause of inopetation is « defec- 
tive crystal or poor holder connections; the crystal and 
holder resistance should not exceed 500 ohms for proper 
operation. Since two tubes are involved, a defective tube 
is also a possible cause of no output. An open circuit in 
the feedback path, either in the coupling capacitor or crys- 
tal holder, will also stop operation. [n addition, short- 
cironited components will cause the affected tube to draw 
greater than normal current ond stop oscillation. A short 
circuit across the crystal will not stop os: ; depend- 
ing on the desiam, it is possible for o: i 
at the tank frequency. Lock of supply voltage will uisu 
stop operation, but iow supply voltage will primarily aifect 
only the output ampitude, Secuuse 3) few Cuilipui.cilo 
involved, a quick voltage and resistance check snouid 
isolate the defective part. Tf all parts und volta 
normal, the cause of trouble is in the crystal, or the t 
tuning capacitor is shorted or tuned to the wrong trequency. 
If other crystals oscillate in the circuit, cleaning the de- 
fective crystal may restore activity. (Retum crystal to 
repair activity for cleaning.} 

Low or Unstable Output. Excessive bia: 


tubes will reduce the ourput. Such bius Vou: 


appear 


feavy current uuvuyu we cui 
defective tubes of snoii-ci 
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circuits. A change in the grid-leak resistor and in the 
coupling capacitor constants may cause blocking and 
motorboating or intermittent operation. A weak or dirty 
crystal may also produce low output. (Replace the crystal.) 


Too TaWiot to hich a alate weligae Gan oaue 
Too iow of 100 high a plate voltage can cause inst! 


Incerrect Frequency. The series-resonant crystal oscil- 
lator is the most stable kind. Therefore, o chonqe in fre- 
quency will probably be due iu crys’ ised effects, 
Cieaning the ctystal should restore proper operation (clean- 
ing to be done only at repair activity); if not, there is a 
possibility that changes in stray capacitance between 
cathode and ground (perhaps from a chanye of lead dress) 
nave caused a slight detuning. Though operation at a fre- 
quency above the series frecuency can occur, it is rather 
ely bacnise the imits cf series resor 


effects 
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mit as much detuning as those of parallel resonance. 
MAGNETOSTRICTION OSCILLATORS. 


APPLICATION. 

The magnetostriction type oscillator is usually used at 
audio, supersonic, ot low radio frequencies to provide an 
extremely stable sine-wave output. This circuit is employed 
in preference to the crystal type of oscillator at the vey low 
frequencies because of its simplicity, ease of construction, 
and economy due to the lack of suitable quartz crystals. 

It finds particular application in laboratory test equipment 
and low-frequency standards. 


of oscillation. 
Feedback is through magnetestriction 
through externally coupled inductors. 
_iovides frequency stability of less than one cycle per 
ond at audio frequencies. 
“Produces an approximate sine wave ot 
stont amplitude. 


tects and not 


relatively con- 


CIRCUIT ANALYSIS. F 
General. The magnetostriction effect is similar to the 
piezoelectric effect found in crystai oscillators. Instead 
ui using Slectric charges, | operstes by the ef- 
fect of a changing magnetic field. When an ison-alloy tod 
is placed within a magnetic iieid, tnere is a Chunge in 
a ; 


compressionoai strain, 


qkos it innsere 


squeezes the 
wived, tne tad 


when the tield is 


fen a “fh 


aie eiantan 


Dees 
pendent upon 
d the polari- 
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zauon of the metai rod und iis ceseupestt 
change in length of the 3 performed at the resonant 
(mechanical) frequency of the bar, and the induced chanye 
is properly phased to enhance the nel pe Seduce the 

x damental 
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determines its efficiency and tivenes: a resonator. 
A pure jton rod will oscillate very feebdly if at aH, and a 
uicke: rod will vibrate strongly, but has poor stability. A 
combination of nickel and iron, such as Inver or Stoic metal, 
oscillates strongly but nas a poor temperature coefficient, 
addition of a small amount of chromium to the 
nickel alloy, one of the strongest vibrators and most 
readily available metals (Nichrome) is produced. A copper- 
nickel alioy (Monel) has too little residual mcgnetism to 
operate without an external field, but when a permanent 
magnet is held nearby it oscillates strongly. Temperature 
effects will cause changes in the bar length and thus affect 
the irequency of operation; hence, for extreme stability, 

the alloy must have a small temperature cceificient or 
temperature control must be used. Operation in this re- 
spect is similar to the operation of crystal oscillators. 

The change in length at fuadumental lcagitudinal (me 
col} vibrations is on the order of one part in one 
on (of an inch) for a field ot one gauss, using a nick 
rod as an exemple, but when the rod is resonant, the chance 
in length is multiplied one hundred times or more. Thus, ct 
the resonant frequency the mechanical change in length is 
sufficient to produce a substantial change of field, and cor- 
trol the operation of the oscillator, At the lower audio 
frequencies, it is desirable to use an oscillator phased to 
oscillate very feebly, if at all, without tae rod. At super- 
sonic and low r-f frequencies of from 25 to 300 ke, the 
oscillator is not very greatly affected if the basic elec 
ironic circuit oscillates strongly without the bar. The 
stability of the bar prevails in either cose. By ut g 
nickel tubing with a negative temperature coefficient and 
filling the tubing with Stoic metal which has a positive 
temperature coefficient, temperature compensation may be 
achieved to produce a nearly zero-temporature-coefficjent 
bar. 

Although operation is possible at 2 megacycles and 
the oscillation is usually feeble and not nearly so 
as that of the conventional quartz crystal; therefore, 

maf this type of oscillator is usualls restricted to 
the lower frequencies. 

Cirevit Operation. The basic circuit cf the mayneto- 
striction oscillator is shown in the accompanying illustrc- 
tion, Grid bias is obtained conventionally through grid- 
leak operation (Cg Rg), and series plate feed is used. 71 
coils are wound so as to produce the same flux at the plo’ 
end of the bar for an increasing plate current or an increas- 
ing gtid current (they ate in-phase). This condition, whicr 
is opposite to that of the normal feedback oscillator, pro- 
duces degenerative feedback, rather than regenerative feed- 
back. In addition, these plate and grid coils have no 
coupting or only very loose coupling. Thus, the oscillator 
will normally not oscillate at all, or oscillate only teebly, 
as a result of feedback between the interelectrode capaci- 
tances. Capacitor Cl is the tuning capacitor, and is con- 
nected so as to tune both the plate and grid coils {either 
one alone may be tuned if desired). For a single frequency, 
or frequencies within a narrow range of operation, Cl may 
'be fixed and different lengths of rod may he inserted in the 
soils (similar to crystal plug-in operation) for the different 
iret-eicies. 
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 inat plate voltage is applied and that the plate 

2 is producing a steady strain on the rod. If a noise 
se cccurs and produces an increase of flux in the plate 
coi!, c compressional wave will be started at the plate end 
of the bar and will travel to the left toward the arid end, 
This compressional wave due to magnetostriction will 
crave! through the bar in a manner similar to the propagation 
si sound waves through a metal bar. When the compres- 
sional wave reaches the grid coil, Lg, the lengthening of 
-ne bar induces a positive voltage in the grid coil, which is 
applied to the grid and causes the plate current to increase. 
[he increased plate current induces a stronger field around 
toe plate coil, inducing another compressional wave into 
tae bar, The compressional waves in the bar are reflected 
irom the grid end and travel back to the plate end, where 
they again are reflected back toward the grid end. When the 
jpressional wave which is reflected from the grid or left 
ad of the bar reaches the right or plate end, a voltage is 
induced in plete coil L, by the lengthening of the bar. 

This voltaye, by induction, creates a stronger field around 
the plate coil. Consequently, the motion of the plate end 
of the bar is further reinforced, causing it to vibrate more 
strongly. As a result, another compressional wave is 
started and the cycle repeats. When the induced and re- 
flected waves are in phase, the grid-reflected wave arriving 
at the plate end will always reinforce the induced wave 

at the plate end, producing a stronger oscillation. There- 
tore, the length of time it takes for the wave to travel from 
one end of the bar to the other and return will determine 

the phasing of the reflected and induced waves. For each 
length of bar, there will be a specific time taken for a wave 
to travel to the end and retutn; if the length is made equiva- 
lent to an electrical half-wave-length, each wave will rein- 
force the other. When the frequency of the tuned circuit 

{as adjusted by Cl) is approximately the same as the reso- 
nant frequency of the bar, maximum reinforcement will occur 
and maximum mechanical! vibration will be produced. With 
the bar initially unpolarized, operation will occur at the 
second harmonic. Therefore, the bar is usually permanently 
magnetized and inserted into the coils so that the field of 
the plate coil increases the polarization. Operation then 
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takes place at the fundamental frequency (f = v/2 1 

where v is the velocity of sound and 1 is the length of the 
bar). Adjusting tuning capacitor Cl for maximum plate 
cutrent tunes the oscillator to the bar frequency, and feed- 
back is provided mainly through magnetosttiction action. 
Even though there may be some coupling to produce oscil- 
jation without ihe bai, with the bar in place o: oscillation is 
strengthened and maintained, being controlled by the me- 
chanical vibration of the ber. 

When the bar vibrates at an audio frequency, the sound 
is audible close to the bar. The operation is similar to the 
operation of an o-c driven tuning fork. The difference is 
that the tuning fork is actually driven by an a-c signal 
(audio) from an oscillator operating at the frequency of the 
tuning fork, The tuning fork vibrations induce a magnetic 
change in a pickup coil around one leg of the fork, thus 
inducing a stable mechanically controlled signal back into 
the driving oscillator. The output of the magnetestriction 
oscillator is usually capacitively coupled from the plate 
circuit into an amplifier, operating as a buffer on either the 
fundamental or the desired harmonic frequency. 


FAILURE ANALYSIS. 

No Output. If the bar (or tube) is mechanically defective 
or the tuned citcuit is not adjusted to the bar frequency, 
no output will result. A plate milliommeter connected in 
the plate circuit will abruptly indicate a two or three times 
increase of current when tuning capacitor Cl is adjusted to 
the bar frequency. Otherwise, the circuit is probably open 
and should be checked with on chmmeter. 

Low Qutput. A low supply voltage or poor soidered 
connections which introduce high resistance into the cir- 
cuit can cause a reduction of developed signal. Excessive 
bias developed by an RC grid-leak combination which has 
too larye a time constant can cause blocking of the grid and 
motorboating. Normal resistance and voltage checks will 
quickly isolate the defective portion of the circuit. 

Incorrect Frequency. Since feedback occurs at the bar 
frequency and is practically independent of the tuned cir- 
cuit, only a free-running oscillator operating considerably 
away from the fundamental bar frequency can produce an 
incorrect frequency. Actually, once the bar starts osciilat- 
ing the tuned circuit can be varied over quite a noticeuble 
tuning range before oscillations cease. Thus, small changes 
in the LC circuit will affect only the output amplitude, 

The usefulness of this circuit as 2 {requ 
stems from the fact that only the mechanical » 
ihe bar determines the feguenc 
at Jow audio frequencies it will be prac! 
to obtain ¢ erent frequency, Att 
it is possible for spurious oscillations to oc: 
quency not related to the bar freg: 
tion of the electron tube circuit as another 
excited oscillator. The frequency of operation should indi- 
cate the relative values of components involved, so that 
the circuit can be examined tor lumped capacitance and 
inductance which could resonate at the undesired oscillat- 
ing frequency. 


900,000.102 OSCILLATORS 
NEGATIVE RESISTANCE OSCILLATORS. 

The negative resistance type of oscillator includes the 
dynatron, which operates by virtue of secondary emission 
effects in a screen grid tube, the negative transconductance 
pentode (or transitron) circuit, and the push-pull (or kallitron) 
circuit. There is also a possible fourth class, that is, the 
neaotive grid resistance type (better known as the tuned 

liator with capacitive feedback inherent within the 
tube); however, this oscillator is not used very much at 
ptesent. Since it is sometimes included in the negative 
resistance group, however, it is mentioned here; the inter- 
ested reader is referred to standard texts for this data. 

Negative resistance is a somewhat vague term, which 
is not very wellunderstood by the layman, or even by many 
ed to describe nn 


. oe eer 
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imaginary property dealt with in the mathematica! analysis 


It is often ertoneously defined as the apposite of aositive 
resistence, whic idered as conventional, or real, 
resistence. This definition is based on the fact that posi- 
tive resistance manifests itself by an increasing voltage 
drop as the current is increased. Negative resistance, on 
the other hand, manifests itself by a decreasing current cs 
the voltage applied to the device exhibiting the negative 
tesistance is increased, or by a decrease in voltage as the 
current is increased. While these physical effect. are 
teal, the derivation and meaning of the term is purely arti- 
ficial. 

In the mathematical analysis of oscillators, a series 
of terms have been developed to describe the properties of 
the circuit; they are then added and equoted to zero. One 
of these terms is always positive resistance, which is 
real; it exists in the d-c and a-c resistance of the coils and 
leads, and is always assigned a positive value. Therefore, 
to be equated to zero, the series must contain certain other 
terms that are of equal, but negative, value. [t is this nega- 
tive resistance which, when it equais the positive resist- 
ance mathematically, permits oscillation, With any type of 
oscillator, both the positive and negative resistance con- 
cepts apply. In the oscillators considered previously, the 
negative resistance is created by an external circuit, such 
as an inductive or capactive feedbuck arrangement. In the 
true negative resistance type of oscillator, however, the 
negative resistance is an inherent property within the tube 
or device which exnibits it. 


other than the 


There is ao circuitry involved 


ve way to: a negotive resistance 


is to visualize it as co generator of energy. In contrast to 
positive resistance, which disstpetes energy at a fate pro- 


voltage or current 
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portional to the square of the impres ; 
negative resistance generotes energy at a rate proportional 
to the square of ihe impressed voltage of current. 
Negative resistance may be either voitage-controiied or 
current-controlled; the accompanying figure illustrates the 


ere characteristics of 
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the current rises to a peak, and then drops to a low value 
from A to B (this is the negative resistance region) and 

then increases to a new peak value thus the voltage is a 
single-valued function of the current. In the current-con- 
trolled type, the voltage varies similarly as the current 

is increased, and the current is o single-valued function of 


Tax Tw ax 
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Voltage-Controlled Current-Controlled 
the voltage. Note the characteristic ‘lazy S$’ pattern of 
these curves, which makes them easily identifiable. The 
oscillators described in the following discussions are all 
of the voltage-controlled type. 

When either a parallel resonant or a series resonant tank 
circuit is connected across a negative resistance device, 
it can be mathematically demonstrated that oscillation will 
occur if certain conditions are satisfied. The basic equiva- 
lent circuit of a negative resistance oscillator is shown in 
the accompanying illustration. L, C and r in the figure 
tepresent the tank inductor, capacitor, and tank resistance 
respectively, and p represents the negative resistance. 


Basic Negative Resistonce Oscillator Equivalent Circuit 


It can be shown mathematically that when p is smaller than 
the ratio L/rC the amplitude of oscillations will build up. 
On the other hand, when p is greater than the ratio of L/rC, 
the oscillations will diminish in amplitude and eventually 
cease. The criterion for constant oscillation with no change 
in amplitude is that p be just equal to L/rC. Thus for 
oscillation to occur, p must be less than, or equal to, L/rC. 
Ifa generator is substituted for p in the basic figure, 
it can be understood how the basic concept of negative 
tesistance applies. The region where the device exhibits 
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@ negative resistance normally covers a limited range, 

and is never associated with postive resistance. That is 
tosay, when the device is operated as a conventional 
feedback oscillator, the operating region is beyond that 
portion associated with the negative resistance properties. 
Thus, devices which exhibit negative resistance can also 
be employed in circuits involving the positive resistance 
tegion of operation without any conflict with their negative 
tesistance characteristics. For example, the same type of 
tube which is particularly useful in the dynatron oscillator 
{because of its inherent secondary emission at plate volt- 
ages lower than the screen voltage) may also be used in 
conventional LC feedback oscillator circuits operating at 
higher plate and screen voltages in the so-called positive 
tegion. For good waveform, it is important that large capaci- 
tance values be used in the tank circuit of the negative 
resistance oscillator, as small capacitance will cause dis- 
torted output waveform, 


DYNATRON OSCILLATOR. 


APPLICATION. 

The dynatron oscillator is used to produce a stable 
sinusoidal output over the low, medium, and high-frequency 
t-f ranges (and sometimes the audio-frequency ranges). It 
is used mostly as a signal generator for laboratory or test 
equipment purposes or as a beat-frequency oscillator in 
teceivers, 


CHARACTERISTICS. 

Uses the negative resistance of a screen-grid tetrode to 
produce oscillation. 

Provides very good stability, but at a low output ampli- 
tude, 

Uses a two-terminal tuned circuit to determine the fre- 
quency of operation. 


CIRCUIT ANALYSIS. 

General, The dynatron circuit was originally based 
upon the use of the type 24 screen-grid tube, which ex- 
hibited considerable negative resistance at low plate volt- 
ages. The negative resistance was due to secondary 
emission from the tube plate. Present day tube manufac- 
turing and design methods have minimized the undesired 
secondary emission, but it still exists at very low plate 
voltages in most tetrodes. Secondary emission occurs 
when the plate is much lower than the screen voltage, 
because of bombardment of the plate by electrons which 
have passed the screen gtid. With high or normal plate 
voltage these electrons are attracted back to the plate and 
have no effect. With low plate voltage, however, the field 
of the grid extends into the plate region and attracts the 
secondary emitted electrons knocked out of the plate. Thus, 
the plate current is reduced by the amount of secondary 
electrons captured by the screen grid, and the screen cur- 
rent is increased. The accompanying figure illustrates 
typical plate and screen currents for a type 24 tube. These 
curves have the distorted ''lazy S’’ shape characteristics 
of negative resistance as explained previously in the general 
discussion. When the tube is operated in the region of 
negative slope with a tank circuit connected to either the 
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screen or the plate, oscillotion will occur. Maximum screen 
current flows when the plate current is minimum (point B 

on the curve). Useful oscillation is possible between 

points A and B, with the oscillator adjusted to work at the 
midpoint of this negative resistance region. From points 

B to C and beyond is the positive resistance region, which 
eannot be used for dynatron operation. It can be clearly 
seen that the plate of the dynatron must he operated at 
herefore, the amplitude of oscilla- 
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Plate and Screen Current Relationships 


tion is limited and the circuit is capable of only a small 
out The output amplitude is controlled by adjusting 
the grid voltage, which var slope of the negative 
resistance region. 

One of the advantages of this type of oscillator is that 
it requires only a single coil with tuning capacitor, instead 
of a tapped coil or an additional tickler winding. Thus its 
extreme simplicity made it popular. On the other hand, since 
secondary emission varies with the aye and emission of 
the tube, and since tubes of the same type and manufacture 
have widely different secondary emissions, it is necessary 
to have a plate voltaye control to permit adjustment for 
stability with tube aging and the use of different tubes. 
Because of the low output and the variation of secondary 
emission from tube to tube, thi 
used today, 

Clreuit Operation. A tyne dynatron o: 


accompan 


d by means of potentiometer Ry when 
ment aft the yrid arm of the 


trouit is not very widely 


water Cifcuit 


tion a rotation. 


of the plate st wpply 


connected to a voltage a aividee consisting of 


Land R2. 
Thus, the plate voltage is reduced below the screen volt- 
age. Capacitor Cp is the conventional series-ieed Lypusy. 
The tuned tank, consisting of L and C, is placed in the 


plate circuit, although it could also be placed in tt ie screen 
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Dynatron Oscillator 


The inherent stability in this type of oscillctor is based 
upon the action of the tank circuit primarily, as in other 
types of the LC oscillator. Although operation at a low 
plate voltage limits the output to a low value, it also con- 
tributes some stability, because load changes are a smaller 
percentage variation than in other seli-excited power type 
oscillators. Since the teedback is inherent in the tube, 
rather than being provided by an external circuit, changes 
in tube element capacitances are not as effective in caus- 
ing frequency changes, thus contributing to the stability of 
this type of oscillator. Therefore, ¢ dynatron which is 
properly adjusted for the correct operating point and plate 
voltage is practically equivalent te the electron-coupled 
LC oscillator, as far as frequency stability is concerned. 

Operation at a low amplitude insures better linearity 
and less harmonic content in the output, accounting for the 
relatively pure output waveform of this type of oscillator. 
Varistion of the grid voltage changes the slope of the nega- 
tive resistance characteristic and thus govems the operat~ 
ing amplitude. 

Detailed Analysis. Mathematically it can be demon- 
vhen an LC tank circ ected to a 
neuative resistance element oscillations wiil start and 
continue, with the negative resistance supplying the losses 
caused by the positive resistance of the tank. In the con- 
ventional extemal feedback oscillator, this same action is 
obtained by the feeding back of output voltage in-chase 
with the input voltage. In the dynatron it is inherent within 
the electron tube. Thus, in the conventional feedback 
oscillator, as the plate voltage is increased, the plate cur- 
rent is also increased and the amplitude of oscillation is 
punmarily 13 
dynatron, with the plate operating at a lower voltage than 
the scree, as pie plate voltage increases the plote cur- 

i As the plate current decreases, since the 
ply voltage remuins substantially the seme (considering 


a regulated supply), there is more voltage availapie ior the 


it is cor 


PETE ape op ee 
ed by the pov 
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load. Thus, as the tube current becomes smaller, the volt- 
age across the load builds up. In effect, the tube is releas- 
ing energy from the power supply instead of absorbing it. 
Therefore, the tube can be considered as a generator which 
supplies power to the tank circuit. This generated energy 
is used to overcome the losses in the tank circuit, and the 
oscillation builds up until an amplitude is reached where a 
state of equilibrium is obtained, and continuous oscillations 
are produced without any external feedback circuitry. All 
that is required is ta shack excite the tank circuit into 
oscillation, and once started the action continues. Starting 
is produced by turning the circuit on. The initial rush of 
current to the plate produces a transient oscillation in the 
tank circuit, at the approximate frequency to which it is 
tuned. In the absence of negative resistance, this oscilla- 
tion would quickly die out, being damped by the positive 
tesistance ol the tank. The inherent negative resistance 
of the tube, however, provides an effective in-phase feed- 
back. Consider the tank circuit and its operation. In an 
oscillatory condition, the coil and capacitor are interchang- 
ing energy. First the capacitor tends to charge as the 
transient incteases, and the charging current flows through 
the inductor in a direction which increases its magnetic 
field. As the transient reaches its peak and drops, the 
magnetic field about the coil collapses and induces a re- 
verse voltage in the coil, which is in the direction of capaci- 
tor discharge. Consider now the instantaneous a-c com- 
ponent of plate voltage. As the transient increases in 
amplitude, the total effective plate voltage is increased 
and the instantaneous plate current is reduced. With a 
lowered current the plate voltage tends to rise, and this 
constitutes a higher effective plate voltage. Thus, the 
action within the tube is such as to aid the transient, and 
the tube ts quickly driven to its saturation region (point B 
on the plate and screen curves shown previously). At 
saturation the plate current does not change, so the inductor 
field collapses and the reverse cycle occurs. Since the 
voltage is decreasing, the plate current increases; this in 
turn, reduces the available plate voltage, and the tube ab- 
sorbs the power. The transient is now falling and effec- 
tively subtracts from the total applied plate voltage. Thus 
the plate voltage is driven in a negative direction (a 
peculiarity of the dynatron region), whereupon the plate 
current change reverses itself, At this time the capacitor, 
which is discharged, proceeds to charge again and the 
cycle is repeated. The limits of operation are set by the 
applied grid bias, which determines the operating point, 
and the static plate voltage. 

Unfortunately, the effects of secondary emission are not 
completely controllable, and the setting for optimum ampli- 
tude and efficiency for each tube of the same type varies, 
The negative resistance oscillator circuits which follow 
are considered to be better from the standpoint of stability 
and criticalness of adjustment than the dynatron circuit. 
When the tank tuning capacitance is reduced to that of the 
tube elements and leads, the output waveform is considera- 
bly distorted, and operation approaches that of the relax- 
ation oscillator with the frequency of operation being set 
by the time constant of the resistance and capacitance in 
the circuit. With the tuned tank, however, the angular fre- 
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quency of oscillation is approximatdy @ = 


Since r, which represents the a-c resistance of the coil and 
leads, is usually only a few ohms, whereas the negative 
resistance p is seldom less than two or three thousand ohms 
the frequency of oscillation is practically equal to 


fg = —~—————_ As a result, small changes 
an LC 


in p which result from changes in the supply voltage have 
negligible effect on the frequency of oscillation at the 
threshold value, where p is equal to or less than 

LAC. 


FAILURE ANALYSIS. 

No Output. A no output indication will be caused by 
lack of supply voltage, or by a plate voltage which exceeds 
the screen voltage and places operation in the positive 
fesistance region, producing a non-oscillatory condition. 
An increase in coil resistance due to poor contacts or 
soldered joints can place operation in the non-starting 
region; such resistance will be so high that it will be 
revealed by a resistance analysis. With normal voltages 
applied and no oscillation, either the tank circuit is short 
circuited, or the secondary emission has changed and re- 
quires an adjustment of plate, screen, and grid voltages or 
a change of tubes. A change of load can change the nega- 
tive resistance values and place the circuit in the non- 
operative region, In this case, removing the load will 
restore normal operation and indicate the source of trouble, 

Reduced Output. A primary cause of reduced output, 
whichis common in this circuit, is for a change to occur in 
secondary emission, requiring a readjustment of operating 
voltages ot the selection of another tube. A change in gtid 
voltage to an operating region of small slope will also cause 
an amplitude change and reduced output. Such a condition 
will be evident by a grid voltage check. The reduction of 
applied plate voltage through a defective voltage divider 
can also cause the same condition. Thus, voltage and 
resistance checks should quickly reveal any defective com- 
ponents. If the trouble still persists, either replacement of 
the tube or readjustment of the circuit voltages is in order. 

Incorrect Frequency, Changes in load or changes in 
applied scteen and plate voltages will change the frequency 
slightly, but the effect is usually negligible. Since the tank 
circuit is the primary frequency-determining portion of the 
circuit, any large frequency change will be due to o change 
in tank circuit parameters. Usually the tuning range is 
sufficient to adjust the circuit to the desired frequency. 
Once properly set, any noticeable frequency change indi- 
cates either ambient temperature effects or poor contact 
tesistances (soldered joints) in the tank circuit. Otherwise, 
the tube parameters have changed and selection of a new 
tube is necessary. 
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TRANSITRON (NEGATIVE GM) OSCILLATOR. 
APPLICATION. 


The transitron, or negative transconductance (gm), 
oscillator is used to supply a stable sinusoidal waveform at 
dudio and low or mediwn tadio frequencies. It is used 
mainly in test CauEmen receivers, and Toborolony a instru- 


CHARACTERISTICS. 
Uses the negative transconductance effects of a pentode 
to provide negative resistance type of oscillation. 
Uses an external capacitor coupled between the sup- 
pressor and screen to obtain negative transcond 


Utilizes @ two-terminai tank circuit to deter 


frequency ot opera 


CIRCUIT ANALYSIS. 

General, Sum- 
pressor gtid cf a pentode, it wiil cuuse electloas (nui have 
passed through the screen grid to return to the screen gtid. 
If the negative suppressor voltage is decreased (made more 
positive), more electrons wil! be attracted to the plate, and 
the screen-qrid current will be reduced. Thus, the screen- 
to-suppressor transconductance is negative. With proper 
voltages and circuit arrangements, the screen current will 
decrease with a small positive voltage increase on the 
suppressor, even when the screen voltage is also increased 
an equal amount. The accompanying figure shows a typical 
screen cufrent versus screen voltaye characteristic curve of 
& pentode which fas pares: 
through 4 capacitor, The typical distorted a lazy 3!’ pattern 
indicates that there is a negative slope. Thus, oscillation 
will occur if an LC tank circuit is connected in the screen 
circuit. 
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Negative Transconductance Characi 
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If the contral grid aged negatively ite 


adjusted to control the amount of nega resistance de- 
veloped. With the negative transconductance arrangement. 
the control and development of the negative resistance 


effect is by electrode voltages and circuit parameters. 


das notdepend uscn isecond- 


have 


Thus, transitron oscillat 
ary emission for its oper 
the undesirable features of ine dynuiton uscilivion, u 


therefore, it does not 
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Cirevit Operation. The schematic of the basic transitron 
oscillator is shown in the accompanying figure. In this cir- 
cuit, the LC tank is inserted in the screen grid circuit, and 
the screen is capacitively coupled to the suppressor through 
capacitor Ce. The output is taken capacitively from the 
scteen Cifcuit through Cl, 
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Basic Transitron Oscillator 


Cathode bias is employed, and the grid is retumed to po 
tentiometer Rx. Variation of the negative grid bias permits 
the slope of the negative transconductance region to be 
controlled. Thus, both output and linearity control are 

ate 3 placed ata ed po 
tential with respect to the screen grid by means of the volt- 
age divider consisting of Rl and R2. The basic arrange- 
ment is the same as in the dynatron osciliator, except tnat 
the pentode has on additional element, the suppressor. 
Since the suppressor is located between the screen and 
plate, it will control the current between these elements 


when properly biased. To produce the negative traneson- 


when pt iasec. ranscon 


ductance, the sctpen is capacitively coupled through © 
the suppressor, and the suppressor is retutned to yround 

through Go, As a result of these connections, instantaneous 
a-c variations of the scteen voitages are effectiveiy appiled 


to the suppressor, and d-c variations are effected through 

tne HU network in accordance with the time constant. ror 
proper operation, it is imperative that the reactance of C. 
at the operating SreqUency | be very small as eonipared With 


Ce has a jorge vaiue oi reactunce. The elleci o! 


age anviden uct) 


higher negative 


piate currents {ip}, respectively. Variations in suopressor 
voltage (@sy) have he arene attect on the total number ot 
electrons leaving the cathoc 


effect of the 5 
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electrons passing through to the plate; consequently, the 
plate current, ip, increases while the screen current, ise, 
decreases, On the other hand, making the suppressor volt- 
age more negative results in fewer electrons being passed 
through to the plate, and a decrease of ip, with an increase 
in ise: Typical veriations of the screen and plate currents 
with changes in the suppressor voltage are shown in the 
accompanying graph. A decrease of isc with an increase 
of @gu indicates the existence of a negative transconduct- 
ance between the screen suppressor grids. Since the 
reactance of C. is negligible at the frequency of oscilla- 
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Plate and Screen Currents vs. Suppressor Voltage 


tion, the alternating components of the screen voltage and 
the suppressor voltage are of the same polarity. Therefore, 
an increase in screen voltage instantaneously increases 
the suppressor voltaye and, because of the negative trans- 
conductance, decreases the screen current. Thus, the 
negative transconductance of the tube produces, in effect, 
a negative resistance between the scteen grid and cathode. 

When the transitron oscillator is adjusted so that the 
negative resistance is smaller than the value needed to 
produce continuous oscillations, any brief oscillation or 
transient caused by closing of the plate switch is amplified. 
As a result, the operating range on the screen current versus 
suppressor voltage characteristic curve is increased, and, 
because of the curvature of the characteristic, the average 
slope of the part used is decreased. Since this is the same 
‘dS increasing the value of the negative resistance, the 
amplitude of oscillation increases until the value of the 
negative resistance is such that it maintains a constant 
amplitude of oscillation. 

Detailed Analysis, For oscillations to be sustained, 
the losses in the tuned circuit must be replaced by energy 
supplied from the electron tube. The losses produced by 
the circuit resistances are best illustrated in the aecom- 
panying transitron equivalent circuit. 

The negative resistance presented by the tube to the tuned 
circuit is represented by Ry, and the tank circuit losses 
by Re in parallel with the LC tank. The shunt resistance 
of suppressor return resistor Rey and load resistor Ry are 
effectively in parallel with the negative resistance and 
the tank loss resistance. The sum of Ri, Rew and R¢ is 
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Tronsitron Equivalent Circuit 


the effective positive resistance. The current in Ry must 
be equal and opposite to the total current through this posi- 
tive resistance. If Rx is larger than the positive resist- 
ance, the current through Ry is too small and the oscilla- 
tions die out. If Ry is smaller, the current is too large 
and the oscillations increase in amplitude. When the cur- 
rent through Rw is just sufficient to sustain oscillations, 
the circuit is the equivalent of a si-~le LC combination, 


and the frequency of operation is: f = Powie oes ay 


a mel 


FAILURE ANALYSIS. 

No Outpur. The loss of plate voltage due to defective 
divider resistors, the lack of screen voltage due to an open 
tank coil or a defective supply source, or a defective tube 
will cause loss of output. A change in the value of the 
feedback capacitor can reduce the feedback below the 
amount required for oscillation, depending upon the frequen- 
cy of operation. High resistance coil contacts (poor solder 
joints) will also cause circuit losses high enough to stop 
operation. Since there are relatively few components, trou- 
ble should easily be isolated by a voltage check to deter- 
mine proper operating conditions, and by a resistance 
analysis if the voltages are apparently correct. It should 
not be necessary to select tubes to produce oscillation, 
because, unlike the dynatron, the circuit is operable regard- 
less of secondary emission. Restoring oscillation by the 
selection of tubes indicates insufficient feedback between 
the screen and suppressor due to incorrect or changed values 
of Re or Ca 

Reduced Output. Excessive reactance in the suppres- 
sor-screen feedback circuit can change the negative resist- 
ance value and reduce the amplitude of oscillation. How- 
ever, reduction of output is more likely to be caused by 
excessive bias on the control grid, which will restrict 
operation to a very limited range of negative slope. Also, 
excessively low screen and plate voltages will cause a 
reduction in over-all amplitude, even though the tank cir- 
cuit at resonance will provide an increase of output. In 


7-A-50 


ELECTRONIC CIRCUITS NAYSHIPS 
oscillators covering a wide frequency range where the feed- 
back capacitor value 1s changed by a switching arrange- 
ment to produce optimum feedback, difficulties with switch 
contacts may cause loss of ee on some of the ranges. 
se the tank Cir- 
cuit is the primary requercy-det inhig element, normal 
variations of fremency due to aging of components should 
be easily compensated for by adjustment of the tuning 
capacitor. After the capacitor is adjusted, if the frequency 
varies it is probably due to the eftect of ambient tempeta- 
ture changes cr t-f heating on the tenk inductance and dis- 
tributed capacits 


fireron 


KALLITRON (PUSH-PULL) OSCILLATOR. 


APPLICATION. 


‘The push-pull nesative resistance 


frequency waveiormy, ¥ 
is mos ly confined to lab ‘i 
is mostly confined to laboratory ty 


ory 


test eauipinenk 


CHARACTERISTICS. 
Uses two tubes in a push-pull feedback arrangement. 
Uses a tuned LC tank to determine frequency of oper- 


ation. 
Produces ¢ Sinusoidal output waveform, with low har- 
monic content. 


balanced push-cull 
sie te tne quiescent plate currents and voltages 
are equai. #hen an input is applied, first one tube con- 
ducts, and then the other conducts. Assuming a sine wave 
input, as tube 1 goes through a positive grid excursion, it 
develops an inverted polarity output across its plate load 
resistor. If this inverted output is applied to the yfid ot 
tube 2, a positive output will be developed in the plate 
load on ube 2. If the plate ipulpat of ‘tube 2 is fed back to 


enhanced, and the tubes wil! 
tions equally. As the input wavetors 
uppovite Gction occurs, wil 
tive and grid 1 negative. If a tank circui 
between the Plaies oi these tues, oscill 
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Elementary Push-Pull Oscilleter 


plates. The second harmonic output is effectively reduced 
by the push-pull action, and the third harmonic content is 
teduced by the tuned circuit. Therefore, the output waveform 
is relatively pure, having ¢ minimal amount of harmonic 
distortion. 

Circuit Operetion. The schematic oi a typical Kailitron 
oscillator is shown in the accompanying illustration. Usual- 
ly a dual triode in one envelope with its accompanying 
Circuitry is used to provide, in effect, a single tube oscil- 
lator. To keep the oe saa at tk in balance, the 
Gutput is generally taken inductively, but it may be taken 
capacitive: 

Cathode dies is provided by Rx. Since the tubes operate 
in push-pull through a common cathode bias resistor, it can 
be seen that as the plate current of tube | increases the 
bias also increases, and, being applied to the V2 cathode, 
it reduces the piate current of tube 2. On the other nalf 
cycle, the operation is reversed, with the V1 current de- 
creasing and the YZ current increasing. The net result is 


2 negligible change 
3 igible change 


conné 


: nit =f VY} 
Thus as the grid of Vi 


y od by cro 


Ul 


causing the voltage an V2 -yrid to ‘oll which increases 
the plate voltage of v2 and feeds puck a rising arid voltage 
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Kallitron (Push-Pull) Oscillator 


typical negative resistance characteristics, as illustrated 
in the accompanying figure. 


+he 


Typical Current-Voltage Characteristics 


With the feedback action now understood, it can be 
clearly seen that when the LC tank is connected between 
points A and B it is alternately charged and discharged at 
its natural resonant frequency. Since the voltage on one 
plate is increasing when the voltage on the other tube 
plate is decreasing, points A and B are always of opposite 
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potential. With a low-resistance tank circuit in place, the 
negative resistance action, produced by the tube operating 
at reduced conduction, effectively supplies energy to the 
tank circuit to overcome its positive resistance losses, so 
that continuous oscillation is maintained. 


FAILURE ANALYSIS. 

No Output. Lack of plate voltage due to an increase in 
external load resistance or short-circuiting of the supply 
will cause lack of output. Since the negative resistance 
primarily depends on the amplifying action of the tube, 
insufficient amplification may also result in no output. Any 
change in the feedback circuit which reduces the feedback 
below the critica! point can also stop oscillation. Since 
these conditions are generally produced only by an open- or 
short-circuited component, resistance and voltage checks 
should quickly isolate the defective component. Tank cir- 
cuit losses resulting from shorted turns or from increased 
tesistance due to poor contacts (poor solder joints) can 
also be a contributing cause. Shorted turns will show up 
as a change in frequency if the circuit oscillates at all, 
and excessive resistance will cause reduced amplitude if 
it does not entirely stop oscillation. 

Reduced Output. Excessive bias resistance will cause 
a reduction of amplitude. A reduction of applied plate 
voltage will also reduce the amplitude, but it can easily 
be detected by a voltage check. Changes in the feedback 
capacitors or the grid-leak resistors will also reduce the 
amplitude. Checking the capacitor with an in-circuit 
capacitor analyzer will quickly determine whether the 
capacitance is correct, and a resistance analysis will 
determine whether a grid-leak resistor has chanyed value. 
A decrease in the amplification factor of the tube with 
aging can also reduce the output. Substitute a known good 
tube to determine whether the tube is at fault. 

Incorrect Frequency or Instability. Since the tank cir- 
cuit is the primary frequency-determining element, major 
frequency change would indicate the possibility of shorted 
turns or a reduction of capacitance. The nature of the 
trouble is indicated by the direction of the frequency change. 
That is, an increase in frequency indicates shorted turns 
or a reduction of capacitance, and a decrease in frequency 
indicates an increase of capacitance, since the number of 
turns cannot increase. 

Usually minor frequency changes, which may be produced 
by slight changes in plate voltage with changes in load or 
line voltage, can be compensated for by retuning the tank 
circuit. Since the stability of this circuit is normally 
better than that of either the dynatron or transitron, small 
frequency changes will require the use of a reliable second- 
ary frequency standard to determine them. At the frequen- 
cies used, changes in tube element capacitances with tem- 
perature is rather unlikely to affect the frequency. Unstable 
operation might possibly be caused by a reduction of the 
tank capacitance to a minimal value, due to such trouble 
as defective bearing contacts in the tuning capacitor. This 
could produce a distorted waveshape and possibly result in 
the relaxation type of oscillation. Such operation would be 
evidenced by abrupt changes in current and voltage from 
one value to another, and the frequency would, no doubt, 
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be out of the frequency range for which the circuit was de- 
signed. 


TUNED-LINE OSCILLATORS. 
As the frequency of operation extends inte the VHF and 
UHF regions and into the microwaves, it becomes more and 


Aiftion le co oscillations using conven 
mote difficult to produce oscillations using cor 


electron tubes. At the extremely high frequencies even the 
test oscillators are not very efficient. The difficulties of 
high-frequency operation involve the construction of the 
electron tube. As the frequency increases, the transit time 
between electrodes must be considered. Also, the tube elec- 
trodes have capacitance between each other ond ground, and 
their leads neve tncesance: At the nee frequencies these 
tie as compared 


Hf 


with the other lumped ci circuit t components, but at the very 
high Atequencies they hecome, th met} part of the circuit, 


extend the upper frequeacy 
limit. To minimize lead inductance, electron ies are 


skin effect, and sometimes have their grids or plates brought 
out through the envelopes. To reduce interelectrode capaci- 
tance, tubes are miniaturized to make their elements smaller 
(this also reduces their power-handling capability), and 
special construction in the form of a planar triode or tetrode 
is used. {The planar type of construction uses a single 

flat grid (or plate) through which the electron stream passes, 
instead of grids or plates made up of wires ot screens, 
which are ‘wrapped’! around the emitter as iy conventional 


alla e clancr 
na! derivation of the slanar 


auction.) The 
tube was the weil known iignthouse tube (aiso called die 
seal tube), which is so named because of its physical 
resemblance (three or more stepped cylinders) to a light- 
house. These tubes utilize coaxial and planar elements, or 
tings, with direct physical connection to the electrodes 
themselves. Thete are two forms of oscillator used. One 
form, which operates in the VHF tegion, uses 9 special 
socket and its operation is similar to that of a conventional 
LC oscillator. The other, which is used in the UHF region, 
incorporates a series of coaxial cylinders into which the 
lighthouse tube fits as an integral part, forming a tuned 
line coaxial oscillator. Tubes used for low power and 
Teceiving purpose are usually provided with conventional 
pin type sockets, and those used for transmitting are either 
provided with a special socket and plate cooling fins or are 


inserted into the cavities or lines to form ¢ compact ui 


The construction of o typica! tube is iltustrated in the 
accompanying figure. 

In addition to the coaxiai line oscillators, tuned trans- 
mission ure, Of Lectie: # 
tuned lines in these oscillators are arranged parailei to eacn 
other, instead of being arranged coaxially. At the lower 
frequencies the lines ure used as inductances « re tuned 
with a shorting capacitor. At the higher frequencies they 
are tuned with a shorting ber and operate essentially as a 
quarter wave transmission line. 


The tuned line can be substituted for an LC t 
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k circuit 


because it possesses the same prope 


tank. When tt 
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Lighthouse Tube 


impedance at 


d. When it is coupled to a source 


gent will flow in the line at the short- 


ot -energy, a hi 
ed end, but only a small current (or no current) will flow at 
the open or input enc, because of the high input Impedance. 
This effect is exactly the same as that produced by the 
conventional LC tank; therefore, the quarter-wave line can 
be substituted in its place. 
i}se of the ronsmission line tuned circuit provides a 

higher Q and lower losses than is possible with convention- 

1 lumped inductance and capacitance. The higher Q is 
obtained because the resistance of the line is low for a 
given value of reactance, since Q is equal to XL/R. The 
low resistance is obtained by using relatively large dia- 
meter wbing, since al (adiv frequencies curent flows on 
the outside of the conductor because of skin effect. For 
UHP applications this loss 1s made even iess by siiver- 

hi or, 8a that the r-f current 
ly conductive path of silver. For 
rhe o type line is frequent- 
used, and for push-pull circuits a balanced two-wite line 


goment fewn cancanttic linas may 
gement free concentric Hines may 


aiso be used). Tne concentric ine tas the additional ad- 
vantage that the o s the inner eanductar 
and thus reduces 
minimum, 

An incidental feature of the quarter-wave transmission 
line tank results trom the use of the high-impedance property 
at the open (input) end and the low-impedance property at 
the output end to insulate the line as far as rf is concerned. 
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duced if an actual insulator were used. Unfortunately, this 
feature cannot be used where de is applied to the line as in 
series plate feed arranyements, but it can be used in shunt- 
feed arrangements. 

The tuned lines and circuits discussed in this section 
are confined to negative grid oscillators; that is, to oscil- 
lators where the average grid voltage is always negative, 
since there are other special oscillators (such as the 
Barkhausen-Kurz and Gill-Morrell oscillators) which use 
positive grid operation to obtain UHF oscillations. This 
classification is necessary to avoid confusion, as both 
groups appear to be identical schematically at first glance, 
since both emnloy tuned lines. The positive grid voltage 
is the major identifying feature of the postive grid ascilla- 
tor, and the circuit operation is entirely different from the 
operction described below. 

Because the reactance of the tube interelectrode capaci- 
tance and distributed circuit capacitance is small at ultra 
high frequencies, the circulating (or charging) current in 
these capacitances is large. It is on the order of many 
amperes for large power tubes. This high current adds 
nothing to performance, and may cause damage. Because 
of skin effect, the current follows the surface of the metal 
electrodes of the electron tube, and causes localized heat- 
ing of the seals, sometimes causing cracks and tube failure, 
Thus, in UHF oscillators the tuned circuit is designed to 
have c high inductance and the minimum capacitance that 
will resonate the tank to the operating frequency. Tuned- 
line tanks provide the required high inductance with a 
minimum of capacitance. The trend in present day tube 
manufacturing is to employ ceramics instead of glass as 
dielectrics, because of their better heat resistance and easy 
machining properties, in addition to the reduction of inter- 
electrode capacitances. The push-pull circuit effectively 
reduces these capacitances to half their notmal value since 
they are in series in push-pull operation, Although an open 
transmission line has some eddy current and radiation 
losses, close spacing to less than one hundredth of a 
wavelength (a few inches) causes the field around one 
conductor to neutralize the field around the other. Radi- 
ation and eddy current losses are thereby minimized, but 
not as completely as with the shielded coaxial line. 

The Q of the quarter-wave short-circuited section of 
line is much higher than that of the conventional tank cir- 
cuit because larger diameter conductors can be used than 
in the conventional coil, making the skin effect less. 
Specially constructed (planar) tubes extend the transmission 
line as a part of the tube leads. Thus, the interelectrode 
capacitances and lead inductonces of the tube ore all in- 
cofporated as a part of the tuned circuit. 

Transit time produces two different effects at UHF. 

{1) it causes the plate current to lag the grid voltage by a 
small angle, so that the phase difference between the plate 
current and plate voltaye is greater than 189 degrees. As 
aresult, the power output is decreased and the plate dis- 
sipation is increased. (2) The transit time permits an 
accumulation of electrons on the gtid and causes grid cur- 
rent flow, even when the grid is negative. This produces o 
gtid loss which is similar to the loss incurred by shunting 
the gtid with as rT. At extremely high frequencies this 
loss is so great that the effect is as though the shunting 
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tesistor produced a short circuit between grid and cathode 
and prevented proper excitation of the tube. The grid loss 
also results in the development of heat, which can exceed 
the tube ratings. 

Therefore, while tuned lines, toyether with special tube 
construction, offer a partial solution to the transit time prob- 
lem, a different kind of generator other than the simple 
ultraudion feedback arrangement is required to operate at 
UHF with reasonable power output. The lighthouse tube 
provides efficiencies on the order of 48% at 500 me to 10% 
at 2100 me for CW operation, and 52% to 35%, respectively, 
for pulsed emissions. The present day trend is to use 
klystron generators for UHF, planar tubes for VHF, and 
either klystron or magnetron generators for microwaves and 
beyond. 


LIGHTHOUSE-TUBE OSCILLATOR. 


APPLICATION. 

The lighthouse tube oscillator is used as an r-f source 
in the UHP range for receivers, test equipment, and low- 
power oscillators or transmitters. The planar type triode 
or tetrode is used for transmitters where more than a few 
watts are needed. 


CHARACTERISTICS. 

Uses special tube construction to overcome high-fre- 
quency limitations. 

At frequencies of 300 to 1500 mc uses external lines, 
and at frequencies of 1500 to 2500 mc uses coaxial cylinders, 
into which the tube is inserted as an integral part. 

Tuning is accomplished by means of shorting bars or 
plungers. 

Has low output and low efficiency (10-30%). 


CIRCUIT ANALYSIS. 

General, The so-called lighthouse tube oscillator is 
operable over a large range of frequencies, and the frequen- 
cy of operation basically determines the final form of the 
oscillator. At frequencies up to about 1500 me, the size of 
the coaxial elements that would be required is so great that 
external open-wire line or tubing must be used. When the 
frequency approaches 2500 mc, however, coaxial elements 
become smal] enough for practical use, and the tube itself 
can be inserted into them to form part of the line. Since 
the design of the lighthouse tube provided the necessary 
means of overcoming the difficulty of obtaining oscillations 
at the high frequencies above 300 mc, there have been a 
number of similar designs. Thus, the basic lighthouse tube 
evolved into the co-planar type of triode and pentode. In 
this tube the elements are coaxial cylinders, with the out- 
side of the ring forming the electrode contact. Planar tubes 
using plane rings instead of coaxial cylinders can be used 
in coaxial lines, or separately with a special socket. The 
receiving type (or low-power type) has ¢ conventional octal 
socket using only cathode and heater pins. The transmitting 
type Tequites the special socket and is usually equipped 
with radiation type cooling fins connected to the plate and 
normally requires forced air cooling. Where coaxial con- 
struction is used, the coaxial line itself acts as the heat 
radiator. Since the basic lighthouse coaxial unit is repre- 
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sentative of this type of design, all discussion will be con- 
fined to the original type of lighthouse tube. Although now 
teplaced by tubes of planar desiyn, the original lighthouse 
tube may still be encountered. 

Circuit Operction, The construction of a typical self- 
contained lighthouse tube oscillator is shown in the 
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accompanying illu a3; 
of three concentric tubes, or coaxia es. The inner 
tubing is connected to the plate, the center tubing to the 
control grid, and the outer tubing to the sneli or pase 
envelope of the tube. The outer tube is effectively shorted 
to the cathode for rf by a built-in mica capacitor connected 
between the metal envelope and the cathode. 

The cathode (outer) and co: tid cylinders form 
a coaxial cathode line which is effectively short-circuited 
by a capacitive non-conducting plunger at a point 
cpproximately 3/4 of a wavelength from the point of 
connection to the tube elements. The position of this 
plunger is adjusted for tne proper amount of feedback. The 
Capacitance between tne plunger dielectric and the grid 
conductor of the coaxial line effectively shunts the rf to 
the cathode, but does not short-circuit it for de. The d-c 
path between the cathode and contro! grid is provide py 
grid-leak resistor Ag, bypassed by gti itor C 
which produces arid-leak operating bias. A shutting 
Plunger is inserted into the plate line 1/4 wavelength 
irom the open end (3/4 wave from plate end) to tune the plute 
efreuit. Plate voltage is supplied by connecting B+ to the 
plunger. The short circuil provided by the shorting plunger 
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offers a high impedance to r-f energy ao quorter wave- 
length away, so that no rfc is needed to isolate the 
plate supply. Since the grid ts located approximately 
one wavelength from the open end of the line and a high 
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conductor both act as parallel resonant tank circuits. The 
tuning of the plate circuit determines the operating 
frequency of the oscillator, and the tuning of the cathode 
circuit determines the proper amount of feed-back for 
stable oscillation. Since thete is a certain amount of 
tween the plate and cathode circuits, it is 
necessary when changing frequency to adjust both 


interaction 


the lighthouse tube oscillator is shown in the accompanying 
illustration. 
t So. oh 5, es 
ie i 
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Lighthouse Equivalent Circuit 


The interelectrode capacitance of the lighthouse tube, 
plus the capacitive effect of the open ends of the grid 
conductor, is represented in the diagram as Cpr. The 
net reactance of the parallel tuned circuit containing 
Cy and Ly, shunted by Cgz, must be capacitive to en- 
sure that the voltage divider which they form with Cgp 
supplies alternating voltage of the proper polarity to 
the grid. This means that the frequency of the cathode 
tank circuit must be lower than the output frequency 
of the oscillator. The operating frequency of the os: 
cillator is determined primarily by the resonant tank 
in the plate circuit (Cp, Lp), which is in parallel with 
Cqp, and the effective input capacitance of the voltage 
divider network; consequently, it is lower than the resonant 
trequency of the piate tank alone, and slightly higher than 
ré¢ cathode tank, To provide the pr 
n oscillation, it is necessary that the 
resonant frequency of the cathode tank circuit be less 
than the resonant frequency of the plote tank circuit. This 
ip aecomplished by careful tuning of the Hines, Particular 
cule is necessary in adjusting (he cathode Line, if the 
line is too short, it appears inductive and oscillation 
stops. On the other hand, if the line is too long, the 
effective feedbacx divider capacitunce is Increased, and 
the amplitude of the feedback voltage becomes too low to 
sustain oscillation. Consider now one cycle of operailur, 
When the plate voltage is applied, heavy current tends to 
circuit since the tube is self-biased and 
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oscillation. Since the grid-cathode tank (Cy Ly} is tuned 
to a lower frequency than the oscillator output, it 

appecrs as a capacitive reactance shunting the arid- 
cathode interelectrode capacity, Cgx. Neglecting the plate 
tank for the moment, it is seen that Cgp will charge due to 
momentary grid current flow, since Cgp and Cgx forma 
capacitive voltage divider between plate and cathode, or 
ground. Assuming that the charge is in such a direction 

as to make the grid more positive a momentary and amplified 
increase in plate current will occur. This action is 
regenerative. Since the plate tank is tuned to a higher 
frequency than the r-f output, it appears as an inductive 
teactance shunting Cgp. The result is to produce a 
negative grid input resistance which overcomes grid circuit 
losses and permits oscillation to occur. This negative 
resistance occurs primarily from the tank circuit which, 

in effect, returns energy to the circuit through its flywheel 
effect. When the grid pulse reaches its maximum, the plate 
tank appeors as a high inductive impedance across which 
the plate voltage is dropped. During this time the tank 
absorbs energy from the circuit. As the atid swings 
negative plate current is reduced and eventually cut off. 
During this time the tank is returning energy to the circuit. 
The feedback is now in an opposite direction to the initial 
charging current (Cgp is discharging), is likewise 
tegenerative, and quickly drives the tube to cutoff. Once 
oscillatory action is started it continues until the plate 
voltage is removed, or until the grid tank is detuned too 
far from resonance to retain the proper phasing. If tuned 
too high in frequency it appears inductive and the feedback 
is opposed and oscillation stops. Conversely, if tuned 

too low in frequency it acts as a heavy capacitive shunt 
from arid to cathode and also stops oscillation. 

Grid bias is provided by grid-leak resistor Rg and 
capacitor Cg, which are connected between the open (high- 
impedance) end of the grid line and ground. After a few 
oscillations are built up, a small charge is put an Cg each 
time the lower end of the tank circuit swings positive. 
During the time the grid is not positive with respect to the 
cathode part of the charge leaks off through grid leak Rg. 
The voltage to which the qtid capacitor is charged ultimately 
makes the grid sufficiently negative so that only a smal! 
amount of charge is added to the capacitor at the peak of 
each cycle, and all of this small increase of charge leaks 
off through R, during the remaining time of the cycle. 

Thus thegrid is maintained at the proper bias fer good 
operation. If the high negative bias required for proper 
operation were applied at the time the oscillator was 
tumed on, the tube would be completely cut off and 
oscillations could not start. It can be seen from the 
schematic that this circuit is essentially a simple 
tuned-plate, tuned-grid oscillator with the basic feedback 
being supplied through the plate-to-grid capacitance. 


FAILURE ANALYSIS, 

Ne Output. Since the unit is of integral construction, 
loss of output may be caused by failure of the cavity to 
tune properly, a defective tube, or an open or shorted 
supply. Where contact fingers are used for the shorting 
plunger, as in the plate line, poor contact will cause 
improper tuning and lack of oscillation. Also, poor 
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contact will couse a reduction or complete lack of plate 
voltage, and produce loss of oscillation. The presence 

of voltage may be determined by a voltmeter. Poor contacts 
will be indicated by fluctuations of the plate current as the 
plunger is tuned, and sometimes by burnt spots on the lines. 
A defective tube is usually indicated by lack of normal 
plate current when due to lack of emission, or by ab- 
normal plate current when short-circuited. Because of 

the inherent solid construction of the coaxial tuner, 

poor contacts or tube failure are the most common 

troubles. At radio frequencies any additional resistance 

in contacts produces losses whichare serious in the UHF 
tange. Therefore, effects which are not very noticeable at 
the lower frequencies can produce complete lack of 
oscillation at UHF. Since the inner cavities are in- 
accessible until disassembled, the only practical check 

is a test for voltage on the heaters and plote, and between 
grid leak and ground, if accessible. Observation of the 
plate current while tuning and a check of the voltages 
should be made first. The unit should then be disassembled 
and the tube and coaxial tuner checked. If the trouble 

still persists, substitution of a tube known to be good will 
isolate the trouble to the tuner. 

Reduced Output. Reduced output is usually due to 
low plate voltage or improper tuning. Low plate voltage 
can be the result of poor contact resistance in the tuner or 
a defective supply, which can be easily located by making 
a voltage test. Improper tuning can be quickly verified 
by slight readjustment of the controls to see whether the 
output improves. With normal plate voltage and correct 
tuning, if the output remains low, either the tube or the 
grid leak is probably defective. The tube can be tested 
by substitution of a tube known to be good, and the grid 
leak can be checked by a resistance analysis. 

Incorrect Frequency. Since the frequency is deter- 
mined by the adjustment of the plate tank, small fre- 
quency changes can be corrected by tuning. Plate volt- 
age and load changes wil] also affect the frequency to a 
small extent; these can be checked by changing the load 
and measuring the supply voltage. Normally the high Q 
tank afferded by the coaxial cavity results in a highly 
stable frequency. In cases of high ambient temperature, 
however, the line and cavity dimensions may change and 
produce a drift in frequency, depending upon the metal 
used. For tempetature-caused changes, adequate ventila- 
tion by means of forced-air cooling is necessary. If the 
cavities and lines are made from temperature-compensated 
alloys, the cause of frequency changes will! be limited to 
supply or tube defects. 

Instability. Unstable oscillations may be caused by 
erratic plate supply voltage, lack of regulation, or 
improper tuning. 


LECHER-WIRE OSCILLATOR. 


APPLICATIONS. 

Lecher-wire oscillators are used in the VHF ond UHF 
regions to generate rf for the receiver oscillators, test 
equipment, and transmitters. 
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CHARACTERISTICS. 

Uses a pair of lecher wires, or tuned lines, in place 
of conventional LC tanks. 

Frequency of operation is such that use of quarter- 
wave or half-wave lines are practical. 

Has better stability and efficiency than a conven- 
tional LC circuit, 

Usually used with the planar type of high-frequency 
tube, but not restricted to any type (can be used with 
any tube that will oscillate). 


CIRCUIT ANALYSIS. 

Generol. The lecher-wire, or transmission-line, os- 
cillotor is derived from the lecher wire wavelength 
measuring principie and the application of tiuasmission 
line theory. The !echer-wire principle is shown in the 
accompanying illustration, in which two purcllel wires 
a faw inches apart are capacitively coupled 
to anr-f source. Assuming that the coupling is loose, the 
wires are in effect open-circuited. The length of the 
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wires should be at least one full wavelength at frequency 
of the r-f source, When a shorting bar in series with o 
current indicator, such as a lamp or t-{ ammeter, is 
placed across the lines, it will be observed that at ¢ 
point 1/4 wavelength from the source maximum current is 
ethane: Tf the shorting bar is left at that spot and 
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Thus, either voltage or current indications may be used 
in the lecher wire. 

If the lecher line is attached to the grid andcathode 
of an electron tube and ground, and is tuned to a 
quarter wavelength, the current through the line will be 
heavy since it is limited only by the resistance in the 
line at the short; this is the equivalent of a series 
resonant circuit formed by an LC tank. At the grid and 
cathode (one quarter wavelength away), the impedance 
will be high and only a minimum current will flow between 
cathode and grid. Thus the line simulates a parallel 
Tesonant citcuit, with a heavy circulating line current 
and minimum external current as shown in the following 
illustration. 
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Cirevit Operation. When the lecher line is connected 
between the grid and plate of an electron tube, a simple 
ultraudion oscillator results, with the line forming the 
tank connected between grid and plate of the tube, as 
shown below. 


OUTPUT 


Simple Lecher Line Oscillator 
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In the illustration a capacitive shorting bar is employed; 
since plate voltage is present on the plate bar, it would 

be applied to the grid if a direct shorting bar were used. 

At the frequencies used, the capacitor has such a low 
teactance that it is effectively a short circuit for rf, but it 
will block de. Grid-leak bias is obtained through the 
action of Rg, and the total effective grid-cathode circuit 
capacitance acts as the grid-leak capacitor. The r-f 
output can be taken from the circuit with o hairpin coupling 
loop or capacitively from the grid or plate bar. Tuning 

is accomplished by moving the shorting bar along the 

lecher line. The amplitude is controlled by the grid-leak 
value and the applied plate voltage, by the spacing 
between the bars, and by the tube electrode capacitance. 
See the ultraudion oscillator circuit discussion in another 
part of this section for an explanation of the feedback 
operation of this type of circuit. 

Although the simple oscillator just discussed is 
operable, it has been found advantageous at UHF to 
utilize circuits which minimize the circuit capacitance. 
This allows the lecher lines to act more like lumped 
components, and thereby serve as the controlling factor 
in the circuit, permitting tube replacement with minimum 
effect cn circuit operation. 


QUuTeUT 


Push-Pull Lecher Line Oscillator 


The tubes may be any type that will operate at the 
desired frequency of operation. In this circuit all 
elements are balanced. Since the interelectrode 
Capacitances are in series in a push-pull oscillator, the 
effective capacitance shunting the circuit is half that for 
a single tube. Thus, the charging current for this amount 
of capacitance is reduced with ¢ consequent reduction 

of capacitive circulating currents. As a result, tube 

seal heating effects and circuit losses are also reduced. 
Since the tubes operate alternately and the currents are 
opposite, losses resulting from eddy currents and 
tadiation from the lecher lines are reduced. Such reduction 
is due to the complete balance in the circuit and the 
close line spacing which causes the electromagnetic 
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field around one line to almost completely cancel FAILURE ANALYSIS. 
that around the other. Since the same voltages are Ne Output. Lack of supply voltage, a defective 
present on both grid bars and on both plate bars, shorting tube, an open circuit, or improper tuning can cause 
bars can be used. loss of output. Resistance and voltage checks will 
For best efficiency and stability at ultra high quickly reveal lack of circuit continuity or incorrect 
frequencies, not only the tube losses but also the voltage conditions. ‘fhe trouble then may be either in 
losses in associated circuits must be kept as low as the tube or tuning. If the circuit will not tune and the 
possible. On the other hand, both the loaded ( and the plate current is excessively high or low, the tube is 
unloaded Q must be kept high as possible. For this defective. Substitution of a tube known to be good will 
reason, the tuned circuits associated with UHF oscillators further localize the trouble. Lack of contact in the 
use resonant sections of transmission line, rather than shorting bar is then most probable, since it is possible 
coil and capacitor tank combinations. to have a low d-c resistance or continuity indication and 
Since the coaxial line is a form of transmission line, a high r-f resistance which will not show on an chmmeter. 
it has properties similar to the open-wire type. At high The usual troubles in this type of unit are open or high- 
frequencies it hos the further advantage of shielding the resistance circuits due to poor solder joints or defective 
line, because the center conductor 1s entirely surrounded by components. Mosl line seciiuus we mechanically and 
the shield. As a result, coaxial lines reduce radiation electrically of excellent construction. It is possible, 
and eddy current losses to an absolute minimum, and for however, for silver-plated components to develop a heavy 
this reason are used extensively. A typical coaxial type oxide film which ettectively open-citcuits them at UHF, 
of lecher line oscillator is shown in the following Particularly in areas where corrosive vapors react 
illustration. with the silver. In this case, frequent cleaning 1s 


necessary, or gold plating may be required. 

Low Output. Low plate supply voltage, together 
with reduced tube emission, {s the primary cause of 
low output. Substitution of a good tube and o check 
of voltages will detect this type of trouble. Improper 
tuning con also result in reduced output; it can be 
eliminated by a slight readjustment of the shorting bars 
for maximum output. Defective contacts in the shorting 
bars are usually obvious, causing erratic indications as 
the bars are moved siightly back and torn. At 
tesistance grid leak can also reduce the amplitude ot 
oscillations, but it is easily located hy a resistance check. 
Tn the open-wire unshielded line, it is also possible for 
nearby objects to produce capacitive unbalance and 
mistuning. If this effect is present, the plate meter will 
show c change in current as the hands or other objects 
dre moved near the iuning contiols, 

Incerrec? Frequency. This type of oscillator is ad- 
justable over a sufficiently broad range that normal 
plate voltage changes or slight emission changes may 
be compensated for by tuning. Since the stability is 
determined by the tuned lines, any Jarge frequency change 
indicates o detect in the tuning of the nes. iis can be 


ator corresponds to a tuned-plate, tuned-grid LC caused by poor contact resistance of the shorting bar and 

lator with series plate feed and gr! blas. The hy defective shorting capacitors. Keflected load reactance 
filament type of tube shown utilizes the transformng ean aise offecs ibe circuit Gueuiui, Gils Coldition is 
action of a half-wave line section to bypass the filament normaiiy indicated by a return of ihe lrequeticy is wtiginal 
to ground. At low frequencies the filament would be value as the iogd is aai i A lerner Line Circuit 4s 
directly bypassed to ground with a capacitor. At the usually so stable that calibration markings ruied on the 
UHF region, however, this method of bypassina proves une itseit Can De Used 16 GCcuUraiely GeLerMmane tne line 


ineffective because the filament leads are Jong enough to 
offer a large inductive reactance. As a result of th 
transformer action in the half-wave line, connecting C3 and 
C4 to the far end of the line provides an effective shunt substitute a tube Known to he qood to determine whether 
at the filament the tube, which ordinarily is the internal plate resistance has changed sutfticiently to 
inaccessible. Since the length of the line includes the be at fault. 

filament leads, the physical length of the external line is 

tly shorter than c half-wavelenath. 


a resistance analysis and voltage 
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APPLICATIONS. 

The magnetron oscillator is used in the region of 
100 me to 30 ge and beyond, to develop r-f energy. It is 
used in test equipment, in low-power CW transmitters, in 
beacons, and particularly in radar equipment, as a source 
of high-power pulsed r-f energy. 


CHARACTERISTICS. 

Utilizes a specially constructed tube with a resona- 
tor surrounded by a permanent magnetic field to pro- 
duce the r-f energy. 

Operates with grounded anode. 

Is usually operated by a negative pulse applied 
to the cathode. 

Has either coaxial or waveguide output, depending 
upon the frequency of operation, 


CIRCUIT ANALYSIS. 

General. There are, generally speaking, two types 
of magnetrons: the split-anode negative resistance 
(ot dynatren) type, and the transit-time (or electronic) 
type. The negative resistance type uses the principle 
of negative resistance between the two anodes to produce 
oscillation, and operates only at frequencies which are 
low with respect to the transit-time frequency (on the 
order of 100 me to 1000 mc). The efficiency is low in 
comparison with the efficiency obtainable with transit- 
time operation; therefore, it is not very popular, being 
more or less supplanted by the power type klystron at 
these frequencies. The frequency of oscillation in this 
type of magnetron is controlled entirely by the resonator 
with which it is used, as in conventional LC oscillators. 
On the other hand, the transit-time type of magnetron 
depends entirely upon the transit time to determine the 
frequency, with the resonator(s) providing greater 
efficiency and proper phasing for maximum output. A 
short treatment of the negative resistance type of magnetron 
is given below for the sake of completeness, with the 
remainder of the discussion devoted to transit-time 
magnetrons, which are in greater use. 

Circuit Operation. Before discussing the two types 
of circuits, it is necessary to establish the funda- 
mentals of operation. The accompanying figure shows a 
simple magnetron. As can be seen, the tube is a diode 
with a cylindrical plate surrounding a coaxial cathode 
or filament. A negative voltage is applied to the cathode, 
in addition to the heater voltage needed for filament 
emission or heating of the cathode, depending upon whether 
direct or indirect heating (filament) is used. Because the 
plate is pasitive with respect to the cathode, an electrical 
field exists between cathode and plate (anode); an 
external d-c magnetic field is placed perpendicular to the 
electric field, and is produced by a strong permanent 
magnet. (While an electromagnet could be used and the 
magnetic field could be alternating, as well, this is done 
only on the low frequencies for special effects, and will 
not be discussed further.) In these discussions it is 
assumed that the magnetic field is produced by a permanent 
magnet. The tuned tank circuit in which the oscillations 
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take place is connected between the plate and the 
cathode. This can be a tuned LC circuit, a coaxial cavity, 
or a special cavity resonator built into the tube. 
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Consider now the effect of the electric field on the 
electrons emitted from the cathode. In the absence of 
the permanent magnet field there would be a continuous 
electron flow in all directions, radially, direct from the 
cathode to the plate. But with the magnetic field applied, 
as the electrons are attracted toward the plate they 
encounter a force (due to the magnetic field) that tends 
to push them in a direction perpendicular to the forces 
applied. Since two fields are involved, the plate-to- 
cathode-voltage induced electric field and the permanent 
magnet field, and since they are at right angles with 
respect to each other, the electrons are affected by the 
vector sum of these forces; with a strong enough field the 
electrons are deflected in a cycloidal path as shown in the 
above illustration. Thus they are effectively bent back 
toward the cathode. The following illustration shows 
the path followed by a single electron as the external 
magnetic field is increased. At some low value of field 
(A in the figure), the electron travels in a slightly curved 
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path, but reaches the anode. At the critical value of field 
(B in the figure}, the electron just qrazes the plate 

and returns to the cathode. When the field exceeds the 
critical value (C in the figure), the electron follows a 
smaller-diameter circular path and returns to the cathode 
without getting near the plate. 
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The current flow of the magnetron for the previous 
conditions is shown, perhaps more clearly, by the 
following graph. ‘ith the low value field a constant 
flow of current occurs between anode and cathode until 
the critical field value is reached, whereupon the current 
abruptly ceases and drops off to zero, since the electron 
can no longer reach the plate. The useful point of 
operation is where the electron is just prevented from 
reaching the plate by the critical field value. Oscillation 
is then produced by the current induced in the cavity or 
resonator by the electron movement. 
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While the actua! electron flow in a magnetron is 
complicated, it is evident that since an electron is 
basically a negative charge of electricity, as it 
approaches an electrode it will change the field distribution 
around the electrode, inducing a positive charge and 
causing current flow within or on the electrode by 
electrostatic induction.. As it recedes, a negative 
charge will be induced. If the election reaches the 
electrode it will be apsorbed, and current will cease. 
When positive and negative charges are induced in a 
resonator, current flows alternately back and forth within 
the resonator, at the frequency to which it is tuned 
(resonant), and r-f oscillations are thereby produced. 
This is the simple basic principle by virtue of which the 
Magnetron operctes. 
Negative Resistance 4 
ance magnetron is a variation of the basic magnetron 
using a split anode. It is capable of operating at a 
higher frequency (than the single plate magnetron) and 
with nigher output. Its general construction is similar 
to the basic magnetron, except that it has a split plate, 
as shown in the accompanying figure. These half-plates 
are operated at different potentials by connecting them to 
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opposite ends of a tuned tank circuit (or cavity). When 
the tank circuit is oscillating, the voltage on one half- 
plate is increased, while that on the other hali-plate is 
decreased by an equal amount. This results in a differen 
electron trajectory. 

A graph of the piate current versus pluie voliuge 
characteristics of one segment of a two-segment mag- 
Netron, showing four different values of voltage applied 
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a tike amount shows the same eftect, that is, ¢ ne 
tive slope. From the earlier discussion on negative 
resistance oscillators (see contents list under 
NEGATIVE RESISTANCE CSCILLATORS for location) it 
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of the negative resistance type if a parallel-tuned tank 
ts series connected, either from one segment to the cathode 
or between the two segments. A schematic showing the 
tank connected between the two segments is shown in the 
following figure; this is a typical so-called push-pul! mag- 
netron circuit (from its resemblance to the push-pull 
type electron tube circuit.) 

Consider now the effect of the different potential 
fields between the segments and the cathode. In the 
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quiescent or static condition, since the plate poten- 

tial is applied equally through the tank coil, the d-c 

field between the cathode and either segment is of equal 
strength. Once shock-excited (by application of B+}, 

a transient oscillation is produced to increase the 
potential on one segment and decrease the potential 

on the other segment by a like amount. Thus the field is 
stronger in one half of the area around the cathode than 
in the other half. By applying the external permanent 
Magnet field so that it is perpendicular to the cathode, a 
cycloidal motion is imparted to the single electron in a 
manner similor to that described in the basic magnetron 
discussion. The effect of the distorted field, however, is 
to cause the electron to make a number of revolutions 
before eventually being attracted to the segment with the 
lower potential as explained below. This action occurs be 
cause after the initial deflection by the field in a 
particular path of motion, the electron passes the split 
between the two plates and enters the electrostatic field 
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set up by the lower-potential plate. Here the magnetic 
field has a stronger effect on the electron (since the 
electric field is weaker), and causes it to he deflected 
with a smaller radius of curvature. As the split is passed 
again (on the opposite side of the cathode) and the 
electron once again enters the higher-potential field area, 
it isagain caused to deflect with a change in theradius of 
curvature. Thus the electron continues to make a 

series of ioops through the magnetic and electric fields 
until it finally hits the low-potentia) plate and is absorbed. 
The accompanying figure shows the effects of different 
potentials on the motion. In part A the fields are equal, 
with the permanent magnetic field below the critical value. 
In Band C the field is above the critical value ond current 
flows because of the action just discussed. Two different 
electron paths are shown for clarity. Actually, it has 

been found that optimum efficiency is obtained when the 
electron makes approxicately 1C revolutions before 
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contacting the anode. Since oscillation is produced 

by the negative resistance effect, the tank frequency 
governs the path of the electron andtransit time is 
maximized. Naturally, this can happen only at the lower 
frequencies. As the frequency of operation is increased, 
the transit time eventually becomes the important limiting 
parameter, and the negative resistance oscillation is 
ineffective. Since a very concentrated field is required 
for the negative-resistance magnetron oscillator, the 
length of the tube plate is limited to a few centimeters 
for a magnet of reasonable dimensions.. In addition, a small- 
size tube is required to make the magnetron operate 
efficiently ot UHF. Therefore, the plate size (area) is 
limited, and produces a serious limitation on the per- 
missible plate heat dissipation. For this reason, heavy- 
walled plates are necessary to increase the heat radiating 
properties, and artificial air or water cooling is necessary 
for high-power operation, These parameters, in effect, are 
the limitations which restrict its use to the low-frequency 
end of the UHF spectrum and cause the transit-time 
magnetron to be in greater demand. 

With the electrons traveling in numerous loops, there 
are bound to be collisions between electrons and bom- 
barding of the filament (or cathode), producing secondary 
emission and in some cases even destruction of the 
filament or cathode. This action is cumulative, and 
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sometimes tesults in filament burnout before the current 
con be reduced to a safe value. To minimize this effect, 
and to prevent unstable operation, the tubes are operated 
with reduced plate and filament voltage. In some tubes 
it is possible to use the electron bombardment of the 
cathode element to provide the heat for emission, once 
oscillation is started. 

Transit Time Magnetron. In this type of magnetron 
the plate or anode block is usually constructed so 
that it functions as a tank circuit resonant toa particular 
frequency. The construction may be that of a simple 
shorted quarter-wave line resonator, as shown in the 
accompanying illustration, or as a multicavity resonator 
also illustrated. 
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In either cose there are no external tank circuits to 

be tuned, and the output of tne magnetron is picked 

up by a transmission line with coupling loop {or aper- 
ture for waveguide) built into the tube. Usually, the 
anode is composed of more than two segments; as many 
as eight or more are often used (while as many as 64 
cavities have been used). While this type of magne- 
tron has a reasonably high efficiency (30 to 60 per- 
cent) and large output, it is iimited in that the frequency 
of oscillation is fixed by the resonator. Thus it tends to 
be supplied as a single-frequency unit which usually has 
provisions for tuning over a imited range (oi the order of 
1% at 9 ge), and is operated at a fixed frequency. The 
average power is limited by the tilament 

peak power ic limted by the : 
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when they are first put into operation. Actually, 
arcing of sparking in small magnetrons, and in high 


Magnetrons is very common. It occurs with a new tube 
or after long periods of idleness once a tube has been 


mode shifting, and by overworking the cathode (drawing 
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excessive current). While the cathode can withstand 
considerable arcing for short periods of time, if continued 
excessively it will shorten the useful life of the magnetron 
and can quickly destroy it. Hence each time the exces- 
sive arcing occurs, the tube must be seasoned again 

until the arcing ceases and the tube is stabilized. 

cedure is relatively simple. The 


alue until arcing 
occurs several times a second. The voltage is left at 
that value until the arcing dies out. Then the veitage 
ts raised further until arcing again occurs, and is left at 
that value until the arcing again dies out. Whenever the 
arcing becomes very violent and resembles a continuous 
are the applied voltage is excessive and is reduced to 


nermit the 


qhetron to recover. Once revuvered ile 
procedure is again continued. When normal rated voltage is 
reached and the m.:gnetron remcins stable at the rated 
current value, the seasoning is completed, It is good 
muiNlenunde sacscn 
either in the equipment, a: held as speres, when long 
periods of non-operating time have accumulated. Follow 
the recommended procedures and times for seasoning 
specified in the equipment technical manuals. The 
preceding information is general and of an informational 
nature only. 

The outputs of pulsed magnetrons are on the order 
of megawatts, with an average power of not muck more 
than 1000 to 2000 watts being usable for CW operation 
{a typical 3-megawatt pulsed radar has a 6-kw average 
ing), However, as the state of the art changes, these 
limitations also change; thus where 50 kw was once high 
power, 5 to 10 megawatts now represents high power. 

ine construction of transit-time magnetrons is 
varied: they operate in the VHF, UHF, and SHE’ regions. 
Some are not tunable, while others are voltage tunable 
{anode potential is vatied}, mechanically tunable by 
hand of by motor, of are fixed-tuned. They provide power 
outputs of 50 to 100 milliwatts for receiver operation, 
and in the megawatt region for high-power radars, with al] 
langes of in-between powers. They are provided with 
integral built-in permanent magnets or with external magnets. 
They are supplied with transmission line outputs or wave- 
i btowave- 
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powers of more than 1000 times greater than the best c-w 
output at the same frequency. Basically, there are three 
factors which produce the favorable conditions fcr pulsed 
powers; the magnetron is more efficient at very high levels 
of power and voltage; an oxide cathode under pulsed 
operation produces currents over 100 times greater than 
that obtainable under d-c (non-pulsed or CW) conditions; 
and finally, by pulsing with small duty cycles, anode heat 
dissipation is less of a problem, so that greater powers 
can be handled. On the other hand, a new problem is 
posed, where the build-up of oscillations from noise to 
full power must occur reliably for every pulse in a time 
that may be as short as one-hundredth of a microsecond. 
Failure of this build-up produces misfiring or mode 
changing, and often occurs under the proper conditions. 

From the preceding discussion it is clearly seen 
that the understanding of pulsed operation involves 
New concepts, some entirely different from those in Cl 
operation. Since the magnetron consists basically of 
an emission system involving electron flow, plus resonators 
(or cavities) which modify the electron flow, and a means of 
extracting the t-f output, a discussion of the functioning 
of each of these items logically leads to a better under- 
standing of the magnetron oscillator. 

First consider the emission system, which may be a 
straight filament, a coiled filament, or en oxide-coated 
cathode cylinder. Magnetrons using thoriated tungsten 
of pure tungsten filaments are generally operated at 
high temperature; because of their ruggedness, these 
filaments are suitable for c-w type tubes, but consume 
considerable filament power. The low-temperature, 
oxide-coated filaments operate best for pulsed-type 
tubes, producing much larger emissions than the high- 
temperature type (for a given filament power). However, 
since they are not as rugged, they are more susceptible 
to damage from electron bombardment and deterioration 
etfects. The oxide-coated cathode cylinder provides the 
most practical construction for low-temperature operation; 
keeping the heater filament independent of the operating 
circuit avoids any filament inductance effects which 
might adversely affect the frequency of operation. Another 
type of operation is also possible with the cathode sleeve, 
namely, cold-cathode operation. Because of the ex- 
tremely high secondary emission produced by electron 
bombardment of the cathode by electrons out of the useful 
orbit, once started by heated-cathode operation, cold- 
cathode operation may be obtained by lowering the 
heater voltage or by removing it entirely. Such operation 
is commonly used in high-powered magnetrons, operating 
with extremely high plate voltages and heavy electron 
bombardment of the cathode. 

Since it is desired that the electrons travel in the 
interspace area between the anode and cathode of the 
cavity block and thus contribute to the excitation of the 
various cavities, end shields are placed at the ends of 
the cathode. These shields, which are of various designs 
(some may be only small protuberences at the ends of the 
cathode), minimize the electron leakage paths at the ends 
of the cathode. These cothode end shields are consid- 
ered to operate by producing a retarding electro 
static field at the ends of the interspacial area. By 
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distorting the equipotentia! lines at this point in such a 

way as to produce on inwardly directed force upon the 
electrons attempting to leak out of the area, they simply 
urge the electrons toward the center plane of the anode 
block. While in some cases secondary electrons may 

also be emitted from the end shields, through bombardment 
by partially controlled electrons in orbit, the useful 

electron emission is usually restricted to the cathode 

alone. An exaggerated illustration of end shields and 

the retarding field they produce is shown in the accompanying 
illustration, 


ANODE BLOCK 


CA 


see 

LG 

CA AMENT 
LEAD 

r (HEATER) 


INSULATION 
END SHIELO 
INTERSPACE AREA 
SS 
SS 
” 


=e tg 
i RETAROING FIELD ee 


PRODUCED BY SHIELD 
ACTION 


Cathode End Shields 


With the cathode emitting a stream of electrons into the 
interaction space, let us examine the method by which the 
electrons produce oscillation. A half-section of a typical 
eight-cavity anode is shown in the following illustration, 
with the fields and current flow as indicated. 

Assume for the initial operation that the cavities have 
been excited by an t-f field so that each covity is oscilla- 
ting. In the capacitive space between the walls of the en- 
trance to the cavity (slot) a charge exists, with one wall 
negative and the other wall positive. By construction, the 
segments are placed 180 degrees apart electrically (pi 


Development of Internal Fields 
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mode) , so that when traveling from one cavity to the other 
in the interaction space, each cavity is oppositely polar- 
ized. Thus the original negative-to-positive charge in 
cavity 1 is now a positive-to-negative charge in cavity 2, 
and likewise for the other cavities around the interaction 
space. A complete cycle of rotation around the anode 

block is produced in 360 degrees of rotation or some mul- 
tiple thereof. In the case illustrated, since there are eight 
cavities (only half are shown) and the phase shift between 
the cavities is 180 degrees, there is a total of 8 pi radians 
shift which, when divided by 2 pi (for one full 360° of ro- 
tation), gives a number of 4. This arbitrary number is called 
cg mode number. As might be surmised, magnetrons can be 
constructed so that they will operate ata different number 
ot modes for the same frequency. 

Exemine the illustration and observe the effect of the 
fields produced. First the rf field at the entrance to the 
envity is strong at the lip but weaker as it extends into 
the interaction space, as shown by the widely separated 
lines, Arrows indicate field direction. The straight iines 
between the anode and cathode represent the d-c field pro- 
duced electroststically by the anode-to-cathode potential. 
The d-c field is steady except where reinforced or reduced 
by the changing r-f field. The permanent magnet field is at 
tight angles to it (into the page), ond is not shown. Thus 
two fields are always present in the cavity, and the Tesult- 
ing field affecting the electron is the vector sum of the two, 

Recalling from basic magnetron theory that when an 
electron approaches an anode it induces a positive charge, 
and as it recedes trom the anode it induces a negative 
charge. It is evident that as an electron approaches an 
anode which is qoing positive (because of the r-f cavity 
field}, tha ament is made more positive, aiding cavity 
osciiations. [i the electron recedes from the anode as it 
is going negative, oscillations also will be aided, On the 
sther hand, if the electron approaches the anode as it is 
swinging negauve, OF recedes as it Swings positive, the 
electron tends to oppose oscillations. If sufficient elec: 
trons were so phased, oscillation would stop. Therefore, 
to sustain oscillation the phasing must be such as to pro- 
duce more aiding than opposing electrons, of to remove 
those thet oppose the oscillation, retaining only those that 
aid. 

Tn addition to the r-f fields existing because of cavity 
hat the magnetic field is just slightly 


uutotf value. Therefore, if ive ti Gseill- 
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teraction space, tne electron emitted at the cathode would 
be returned by the effect of the d-c magnetic field. On the 
other hana, wnen the (-i eid is going positive, ine elec- 
tric field is enhanced, and an electron emitted at a point 

y this field would be attracted toward the anode. 
Because of the effects of the two fields, the electron is 
forced to travel ina cycloidal peth instead of straight, and 
teraction space in a clockwise or counterclock- 
wise direction (depending on the pu crity of the magnet). 
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will still be in an aiding direction, Because of the curved 
path, however, the working electron is traveling ina long 
path and through a decreasing potential (since the potential 
through which it falls is less as it approaches the anode}. 
The result is a change in phase of such a nature that hy 
the time the electron approaches the third slot tne polarity 
1s the electron. Thus the elec i 
forced to curve back upon itself, and, by the time it is 
traveling towards the direction from whence it started, the 
field in segment 2 is again attracting it, and it again curves 
toward the anode. Likewise, because of the curved path it 
enters the number 1 segment field when the field is ina 
direction that pushes it hack toward the number 2 and 3 
segments. In this way the working electron follows a series 
ot fooped paths between two segments, as shown in ihe 
figure until it reaches the anode. During the time it is be- 
ing attracted by the field, it effectively aids oscillation in 
cavity just as if.an additional charge were induced 
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Electron Path 


into it. Because of the curved path it fs in an aiding con- 
dition longer thon it is in a position where it removes en- 
ergy from the cavity; therefore, the net tesult is to enhance 
the oscillations. Since the distance waversed between seg 
ments is effectively 180 degrees, the electron is operating 
in the pi mode. Thus in an eight-cavity magnetron, four 
pairs of segments are operating simultaneously, and the 
effect is the same as that existing in a polyphase motor; 
that is, an effective traveling field is produced which ro- 
tates dround the circumference of the interaction space, 
and oscillation is successively enhanced in each cavity 

as the field rotates past the slot, The etiect is as though a 


wheel of jour spokes were being rotated, as shown in the 


figure. 


sély, the non-working electron is emitted ata 


me during which the r-f field opposes it 


and is quickly 


his ic 
in that it strikes the cathode with considerabie iorce and 
it, Since this back radistion cannot be 
nated, itis used to produce secondary electrons and 
economize on filament heating. 

Since there are electrons emitted from all points on the 
athode, there are electrons which start at intermediate 
nts of changing field, and are not attracted or repelled 
rongly as the working electron; therefore, their paths 
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Rotating Electron Field 


tron emitted after the wor king electron catches up. For 
this reason there is an effective electron density grouping 
(or bunching) about the working electron, or a vatecity 
modulation effect similar to that in the klystron. Thus 
standing waves similar to those on traveling wave tubes 
are caused to exist in the inter-action space. 

While the r-f field was initially assumed, it is produced 
by application of the anode voltage or negative cathode 
driving pulse, which is sufficient to shock-excite the ca- 
vities, and with the proper phasing oscillations are built 
up. This proper phasing is produced through construction 
and by the proper selection of anode voltages and field 
strength. Since the phasing of magnetrons is a highly 
technical subject and of concern only to the designer, it is 
beyond the scope of this technical manual and will not be 
discussed, 

Types of Cavities and Modes, There are basically, 
three different types of cavities used in unstraped resonant 
systems; these are the slot, the vane, and the hole-and- 
slot types of side resonators shown in the figure. 
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Regardless of the type of resonator used, it is primar- 
ily the simple equivalent of a parallel LC tuned circuit, 
which can be represented schematically by a series of 
tanks, as shown in the following illustration, the interaction 
space is represented by capacitance between the anode and 
cathode; inductive effects are neglected for simplicity. 
While the resonators are shown connected in series, 
actually each one is independent and is dimensioned and 
shaped so that all are resonant to the same frequency 
(identically shaped resonators are used). They are coupled 
together by the interaction space between the cathode and 
anode. The spacing of the cavity entrances is approxi- 
mately a half-wave at the desired frequency of operation 
(assuming the pi mode of operation). Therefore, the small- 
est number of cavities that are operable ts two (2 x 180 
equals 360 degrees), corresponding to split-plate usage. 


Resonator Equivalent Schematic 


The maximum number of cavities is limited only by con- 
struction since multiplication by two produces the same 
result (2, 4, 8, 16, 24, and up to 64 as a practical limit). 

Consider now the mode of operation, Assume a basic 
six-cavity magnetron, as shown in the following illustra- 
tion; operation is possible in three types of modes, as 
shown, 


Examples of Various Modes 
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In part A of the figure there is a phasing of 60 degrees 
between adjacent segments. Therefore, six segments must 
be traversed before a total phase rotation of 360 degrees 
(one cycle) is obtained. Since there are 2 pi radians in 360 
degrees by angular measure, this represents a rotation of 
2 pi radians divided by 2 pi, or mode 1. In part B of the 
figure the segments are separated 120 degrees, and only 
one-half as many segments (three segments} need he trav- 
ersed to produce a complete cycle of operation. When the 
complete cycle around the magnetron is traversed, a total 
of 720 degrees of rotation is completed (two complete cy- 
cles of operation), or 4 pi radians divided by 2 pi, giving 
mode 2, In part C of the figure adjacent segments are 
oppositely polarized, so that only two segments need be 
ioversel to complete G cycts. Therctors, ina complete 
rotation of the magnetron cavity, 1080 degrees of rotation 
is produced, or 6 pi radians divided by 2 pi, giving mode 3. 

Since o six-cavity magnetron can operate in at least 
jar lagging phase, this 
e 2x3 modes, or a total of 1 mode for each ca-- 
vity), there is a frequency for each of these modes at which 
the output is a maximum. Thus the magnetron generates a 
series of discrete frequencies arranged symmetrically (in 
the ideal case) around a center frequency of maximum 
amplitude for each mode. A typical plot of wavelength 
variation with mode for typical magnetron is shown in the 
following graph. 

The c-w magnetron provides a different output from that 
of the pulsed magnetron, in that a steady anode voltage is 
supplied, and the output is mainly concentrated at the mode 
chosen by the plate v ’ 
does not consist of a single frequency, however, since 
the cavity at microwave irequencies can support a number 
ot different types of oscillation. This concept is diametri- 
cally opposed to the normal concept of a tuned tank being 
responsive to only one frequency, It is true, however, be- 
cause the maqnetron cons: k 
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of a number of cavities, each coupled to the other. As in 
coupled circuits at the lower frequencies, it is possible 

to achieve a response curve having a main lobe with numer- 
ous side lobes, depending upon the interaction and amount 
of coupling between the cavities. This condition is further 
complicated by the possibility of phased bunching of elec- 
trons in the interaction space; thus it can be clearly seen 
that a single pure frequency output is rather unlikely. In 
the tunable types of magnetrons, the main spectrum can be 
shifted to the desired frequency by tuning. In the fixed- 
tuned magnetron, operation consists mainly of opereting 

at the proper current, which for a pulse of a particular 
shape produces the desired main lobe at the proper fre- 
quency with o minimum of side lobes (other modes), A 
typiod! nutput snectrum fora oulsed maqetron is shown in 
the accompanying ixgure.. 


4 


AMPLITUDE 


FREQUENCY ads 


Typical Magnetran Spectrum 


The broad spectrum shown is caused mainly by pulsing. 
Because the pulse is a rectangle with steeply sloping 
sides, it approximates a square wave with a similar har- 
monic content. Thus, in effect, many frequencies are in~ 
duced into the cavities, and all those to which it responds 
will be present. The shape of the anode pulse is important, 
since it can cause a distorted output and place the main 
out put energy in an unwanted portion of the spectrum. It 
should also be understood that this discussion is necess- 
arily general since it concems actions mostly of interest 

to the designer, The technician is concerned with making 
the magnetron perform as designed. He can control only the 
voltages applied and the currents at which it is operated, 
plus any cavity tuning which may be possible. Therefore, 
ling discussion of modes and spectrum effects 
tended to indicate, ina very 


ited manner, internal 
operation effects which are highly complex and beyond the 
scope of this circuit analysis. The interested reader is 
referred to standard texts such as the Radiation Laboratory 
volume on Microwave Magnetrons, fram which much of this 
material was selected. 

Since the unstrapped magnetron presents a number of 
ades of nearly equal outputs, it has been discarded for 
the strapped type, and fora specia! type known as the 
ry 2 desiqn of the cavity. 
Strapping consists of connecting together alternate segments 
with short, heavy conductors, as shown in the accompanying 
i je 3, the pi mode, and 
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2 is impossible, since it would require a shift of 4/3 pi 
radians between alternate segments, and cannot occur with 


the segments short-circuited. While the straps are essen- 
tially simple short circuits, at the frequencies used they 


ANODE 


STRAPS 


Double Ring Strapping 


have inductance; moreover, since the straps pass near the 
segments which they connect, they also have capacitance. 
As a result, the frequency of the mode of operation is 
slightly altered, At the pi mode the straps are at the same 
potentials at the ends, and carry no current (except for a 
slight capacitive current between them); therefore, the 
inductance is negligible and the capacitive effect predomin- 
ates, lowering the basic frequency of the pi mode. When 
the magnetron is excited ina different mode, there is a 
difference in potential between the segments, causing the 
straps to carry more current between them b Vcuse of the 
difference in potentials. Thus both inductive and capacitive 
effects operate on the other modes, clinging their opera- 
ting frequency. The result is to further separate the modes 
and eliminate the possibility of simultaneous operation on 
two closely spaced modes, Suppression of the unwanted 
modes increases the over-all efficiency of the magnetron. 
While it might appear that the symmetry of strapping is 
essential, this is not so in practice. Actually, by omitting 
certain straps (usually the ones at the output resonator 
and adjacent to the input cathode), even greater discrim- 
ination is obtained. 

The rising sun magnetron design evolved from the fact 
that symmetry is not required for best results in strapping. 
The typical design of alternate cavities of the same shape, 
with adjacent cavities of dissimilar shape, produced the 
so-called ‘rising sun’’ design. Since the sizes of the 
cavities in the two groups are different, the mode frequen- 
cies of this type of magnetron tends to form into two groups 
as though there were only two resonators. Thus the re- 
spective mode frequencies gre well separated from the pi 
mode, and this unit is suitable for pi mode operation wit h- 
out the use of strapping. The rising sun design is used 
at the higher frequencies (above 10 gc), while strapping 
with the conventional design is used at the lower frequen- 


ORIGINAL 


900,000.102 OSCILLATORS 


cies to provide a smaller assembly. A typical rising sun 
design is shown in the following illustration. 


MODIFIED SLOT 
AND HOLE 


SLOT TYPE 


Rising Sun Magnetron 


Coupling Methods. R-F energy is usually removed from 
the magnetron by means of a coupling loop. At frequencies 
lower than 3.cm the coupling loop is made by bending the 
inner conductor of a coaxial line into a loop (centet-fed 
coupling) and soldering the end to the outer conductor, so 
that the loop projects into the cavity, as shown in the 
following figure. 


Coaxial (center-fed} Coupling Loop 


At the higher frequencies to obtain sufficient pickup the 
loop is located at the end of the cavity (halo loop), as 
shown in the accompanying illustration. 
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External (halo) Coupling Loop 
Other forms of inductive couplings are shown in the follow- 
ing illustration. 
In the segment-fed loop it is presumed to intercept the 
flux passing becween cavities, while the strap-fed loop 
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intercepts the energy picked up between the strap and the 
segment. On the output side, the coaxial line feeds another 
coax line directly, ot it feeds a waveguide through a choke 
joint, with the vacuum seal at the inner conductor helping 
to support the line. Direct waveguide connection is usually 
through a slot in the back of the cavity, with on iris feeding 
into the waveguide connector through a window. 

Tunina. The magnetron is basically fixed-tuned. It is 
pretuned by adjusting the straps, pressing them in or out 
to resonate with a test voltage inserted into the cavity from 
a klystron at the desired operating frequency; the adjust- 
ment is made for maximum response on a detector-indicator, 
Some magnetrons have a flexible plate arranged to move in or 
out by means of a screw adjustment. Still other magnetrons 
have ning or rads that screw in or out of the cavities (as in 
the klystron), and some low-powered types are vollage-tuned. 
Usually, pretuning is necessary before the magnetron is 
placed in operation; therefore, some form of mechanical 
tuning which can he externally performed over a small range 
is used to adjust it to the desired operating frequency. 
(Of course, this frequency must be within a specified band of 
frequencies over which the magnetron is designed to be 
operable.) Thus in most cases the magnetron output fre- 
quency is essentially fixed, with the receiver having its 
bandpass and frequency automatically centered and main- 
iained in synchronism with the transmitting magnetron. 


FAILURE ANALYSIS. 

No Output. Lack of output can be caused by nonos- 
cillation of the magnetron, or by oscillation on an undesired 
mode which will not couple to the output circuit; it can aiso 
be caused by a short circuit or an open circuit. Use of the 
ammeters and voltmeters supplied with the equipment will 
usually pinpoint the trouble. A steady high current with 
low applied anode voltage usually indicates a loss of mag- 
netism which allows the electrons to pass directly from 
cathode to anode. In this case, remagnetization or re- 
placement of the magnets will generally restore operation. 
(Sometimes insertion and reinsertion of the small soft iron 
bar placed between the magnet poles during storage, known 
as the keeper, a few times will restore the magnet.) An 
anode-to-cathode short will produce heavy plate current and 
blow fuses or operate protective circuits immediately after 
Mis plate voltage is applied. Such a condition will be in- 

ed le chmmeter check between the anode and 
2 voltages removed. 
Hane cufrent, usually accompanied oy 


ugh the sunltag ee or at visible portions of the 

s envelope), particularly in high-power magqnetrons, in- 
jicates arcing. This is a common occurrence Gtter perioas 
of long idleness or after exceeding the permissible ratings; 
it can also be caused by load changes or discontinuities 

in choke or rotating joints, producing excessive r-f retiec- 
tions. Immediate reduction of plate voltage is imperative 
to prevent damaae ta the maqnetron or modulator equipment. 
Then, by following the norma! seasoning process, the arcing 
should occur less frequently until the magnetron stabilizes 
and resumes normal operation. 

mutpnt unt] a number of starting uttempis 
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is a possible indication of on open filament. Particularly 
with extremely high-powered tubes using very high voltages, 
the phenomenon of cold cathode operation can occur through 
the back bombardment effect.. Checking the filoment for 
continuity with the plate voltage removed will quickly de- 
termine whether this condition exists. 

Since magnetrons are expensive and usually do not plug 
in as conveniently as common receiving tubes, replacement 
of the magnetron should be resorted to only after all other 
checks have been made. Where the current meter indicates 
zero, it is most probably an open circuit caused by cathode 
burnout, an open anode or cathode lead, or failure of the 
modulator or power supply. Checking with the voltmeters 
provided on the equipment will quickly determine whether 
the power supply and modulator are norma}; if they are, 
the open must be between these units or within the mag- 
netron.. A resistance check for continuity of connections 
will indicate whether the condition is externcl to, or within, 
the magnetron. Do not overlook resetting any overload te- 
leys or replacing open fuses in the search. 

Reduced Output. Reduction of output below normal is 
usually more difficult to analyze than lack of output, since 
the magnetron is very susceptible to variations in the 
strength of its magnetic field, anode voltage, and load im- 
pedance. Such variations cause a loss of output power and 
efficiency to a large extent, and usually affect the fre- 
quency of operation. A shift in the mode of operation can 
usually be caused by any of the previously mentioned 
items, and, since the magnetron is normally designed to 
operate at a particular frequency with maximum output, re- 
duced output may indicate such a condition, Perhaps the 
best method of trouble shooting is to use a spectrum analyzer 
such as the echo box, detector, and meter, or by direct ob- 
servation of the r-f envelope on an oscilloscope. Since the 
shape of the high-voltage modulator pulse is important, 
using a portable spectrum analyzer connected via a direct- 
tonal coupler to the magnetron output will save time. Dow: 
ble moding will be indicated by the presence of two or more 
maximum lobes, A jittering pulse which changes in ampli- 
tude or wiggles back and forth is immediately apparent. 
Changes in load can be made and the effect observed and 
evaluated. Likewise, the anode voltage can be varied and 
its effects observed; any frequency instability will be evi- 
dent. The effect of reduced output will be obvious from 
local meter indications in the case of c-w magnetron type 
of operation, but they are not as accurate and are some- 
times actually misleading in pulsed operation. A change in 
current or voltage will show immediately in the steady 
voltage type of c-w operation. However, in pulsed operation, 
where the pulse width and duty cycle govern the average 
value of the current and voltage, a change in pulse width 
may compensate for a change in duty cycle (or vice versa); 
thus the pulsed indications may appear normal, when act- 
ually there is a reduction in efficiency and output power. 
Low power output usually results from a weak magnetron or 
or low modulator output. If the modulator pulse is normal, 
the trouble lies in the magnetron. A weak magnet will cause 
@ loss of power, by reducing the efficiency of operation, 
and also a change in the spectrum, which is usually obvious 
on the oscilloscope. For further information, tests, and 
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typical waveforms, refer to Test Metheds and Practices, 
NAVSHIPS 91828, latest edition. 

Incorrect Frequency. While magnetron troubles may be 
divided into three general classifications, namely, wrong 
frequency, poor spectrum, and low output, they are usually 
interlinked. For example, a magnetron operating off fre- 
quency will most probably show a poor spectrum and pro- 
duce a lower output, as compared with previously recorded 
date obtained when the magnetron was known to be operating 
correctly. In the case of wrong frequency operation for 
fixed-tuned magnetrons, there are three possible causes. 
The magnetron may be defective, or frequency pulling or 
pushing may be present. Frequency pulling may be present 
because of some fault in the r-f system, such as varying 
impedance, faulty rotating joints, or be caused by a strong 
reflection froma nearby object. A change in magnetron 
frequency due to a change in load impedance is known as 
“pulling''. The effect of pulling is greatest at high out- 
put powers. The operating point of a magnetron is usually 
a compromise between high output power and good frequency 
stability, and is usually chosen for a matched load condi- 
tion. Magnetron performance is often summed up in what is 
called the pulling figure. This figure is the total change 
in frequency (usually in megacycles) which occurs when 
the load is adjust ' to produce a voltage-standing-wave 
ratio of 1.5:1, ana - phase of the reflection is varied 
through 360 degrees 

When off-frequency vperation occurs and another mag- 
netron is substituted, satisfactory operation of the replace- 
ment does not necessarily indicate that the original mag- 
netron is defective. In some cases a magnetron may be in 
good condition, but because of individual differences it 
may be more easily pulled outside the operating band by 
external conditions (such as a change in load impedance) 
than another magnetron of the same type number. Blind 
teplacement of the magnetron when off-trequency operation 
occurs, therefore may result in the discarding of a per- 
fectly good tube. The VSWR of the r-f system should first 
be checked to determine whether it is high or low. With a 
low VSWR, normal operation of the r-f system is indicated, 
and the fault is most likely the magnetron. Sometimes the 
effects of pulling are not noticed if the frequency is within 
the operating band, so that occasional off-frequency 
operation is possible without any visible external indica- 
tions. Frequency pushing (indicated by waveform distor- 
tion) may be present because of improper anode or filament 
voltage. Magnetron pushing, caused by a change in dc 
anode voltage, is frequently indicated by a poor spectrum 
shape; this condition results from improper modulator pulse 
amplitude or shape. The frequency of operation may be 
slightly altered, or may change from pulse to pulse. Al- 
though such operation may be indicated by a changing 
anode current, a more definite check can be made by use 
of an oscilloscope. 

Magnetron pushing is usually produced by a change 
of input conditions. The pushing figure is usually ex- 
pressed in terms of megacycles per second per ampere, In 
most cases pushing can be neglected for the longer wave- 
lengths where it is slight. It cannot, however, be neglected 
at the shorter wavelengths. Regardless of the cause of the 
frequency change, in the case of the tunable magnetron, 
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only a slight adjustment of the tuning control to estab- 
lish the desired frequency may be al! that is required. 
When frequencies appear and disappear in the spectrum, 
the cause is usually arcing, which produces temporary 
transients. If this condition occurs frequently, seasoning 
is necessary; there is also the possibility that the mag- 
netron is b g unstable and approaching the end of 
its useful life, If it occurs infrequently, operation can be 
considered normal, but there is the possibility of incipient 
maqnetron failure. 


REFLEX KLYSTRON OSCILLATOR, 


The reflex klystron is used as a low- power tet 0; 
in the microwave region Ufrom 1000 mic to 10,000 m 


receivers, test equipment, and low-power transmitters. 


CHARACTERISTICS. 

Uses special tube construction to produce r-f feedback 
and oscillation. 

Operates as a positive gid oscillator. 

Uses a tuned cavity, either integral (built-in) or extemal, 
to determine the basic minge of operation. 

Uses negative anode {repeller-piate) voltage. 


CIRCUIT ANALYSIS. 

General, A klystron tube is a specially constructed 
electron tube using the properties of transit time and vel- 
ocity modulation cf the electron beam to produce microwave 
frequency operation. It can be used as an oscillator or an 


mips VS we Gpinorcavives: +6 


amplifier, The amelifier 
produce the proper bunching of electrons, upon whic’ 
function and amplifying properties are based. The ampli- 
tier type of klystron can produce a large Gmoust ee Boker 
(up to megawatts) and can be used as 
per feedback arrangements are made. oe. the reflex 
klystron offers a simpler type of feedback arrangement and 
performs s; ‘ically as a special tube designed for oscil- 
lator aperanon dlone. Although the power output of the 

teflex klystron is limited, it is adequate for rece: 
test equipment functions and for low-power transmitters. 

Where high power is required, it can be achieved by using 


the reflex klystron as ¢ master escillater end the corven- 


microwave radiati 
reflex kiystron usually ishes sufficient power tor these 
ielatively short ri trensmissicn paths. 

Generally speaking, although the efficiency of the kly- 


low as commered with efticiencies obtainable wir. 


conventiona! tubes at the lower frequencies (an the orte: 
of 20% as compared with 60%), it is more etNclest thon tr 
ather types of high-frequency generators in the microwave 
region. The negative grid tetrode provides approximately 


ney at S00 me, but its output drons to zero 


the seme eff 


around 1500 me; similarly, the lighthouse tube covers a 
range of from 860 mc to 2500 or 3000 mc with comparasle 


efficiencies and then 


klystron, however, is 


with etticiencies not less tnan 10%, in ini fespeci, (Le 
retlex kl ystron offers the lowest efficiency fon the order 
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of 2 or 3 percent) mostly because of its simplicity of con- 
struction, For example, the use of more cavities to provide 
better bunching would give higher efficiency. Actually, 

the klystron is the only device other than the magnetron 
{and perhaps the travelling wave tube) which offers prac- 
tical operation on the microwave frequencies; it is simpler 
and cheaper than the magnetron (or TWT) and more fexiple 
in its applications, which is the reason for its popular use. 
Present trends indicate that the reflex klystron will be re 
placed for high-power Spetanion by the two- or three-ccvity 
klystron, but for simplicity end economy for low -pOWe! ap 


plications the reflex k klystron i is more practi 


The klystrea has 


wee gain thon the negouve 
is because the tetrode 


Tadeens ares 


as necessary, ond, being outside the r-i field in the tube, 

itis unaffected by radio-frequency bombardment or other 

deleterious effects. Although the negative 9 tube hos a 

closely spaced grid ané piste (to red € 
he distance betweer the 


larce (on the order o 


Since there is no orid structure in the klystron te heat and 
cause losses (actually, grids are sometimes used, but are 
very tuqged) and the collector is located outside the r-f 
field and designed solely to dissipate heat, better efficien- 
ry results Tt 1 maior toss in the kivstron 1s dieiectric joss 
(such as the loss produced by windows in cavities for 


ag wall sheerption. Thus 


the smal eb inpusaauity 
loss and by beam loading of the output cavity. Normally 
there is no negative {feedback to be overcome by virtue of 
terelectrade couplings, as in the negative grid tube, 
since the input and output cavities are isolated. In ihe 
case of the reflex klystron, positive feedback is obtained 
by the use of a repeller electrode so that only one cevity 
is required. 

Tn the preceding discussion, a mimber of generalities 
wer nq out the inherent differences between 
negative grid tubes and the klystron, Since the subject at 
klystrone and their desiqn considerations cover a lace 


asa small branch of @ large fomily oi klvsiron tubes, there 
She ANT AT MArittpens an jee fron Tyne & 


ted reader is referred to ather texts 


fOpspeciic GalGSipa Saree wre 
qeneroitties made nerein shouid be vie 
sion that follows will be restr! 
which can be applied tn anv tyne of tube. 
The operation of the klystron is 
development of velocity modulation of ine elect 
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excitation of the cavities. A basic klystron (nct reflex 

type) is shown in the accompanying illustration to estab- 
lish the fundamental principle of operation. As shown in the 
figure, a heater is used to produce electron emission from 

a cathode. The electrons from the cathode are attracted to 
the accelerator grid (No. 1) , which is at a positive poten- 
tial with respect to the cathode. The accelerator grid may 
be a flat grid structure or cn annular ring (cylinder or 
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Basic Klystron 


sleeve) through which the electrons pass unhindered. 
Assume that this attraction produces a constant-velocity 
electron beam, which is further attracted to the next elect- 
tode, the bun cher grids (of cavity), and then to the next 
electrode, the catcher grids (or cavity), also at a higher 
positive potential. Ifthe output from the catcher is fed 
back to the buncher, and if the proper phase and energy 
telations are maintained between the buncher and the 
catcher, the tube will operate as an oscillator. The 
collector plate, which is also at a positive potential, serves 
only to collect the electrons which pass the catcher. 
Successful operation requires that the energy needed for 
bunching be less than that delivered to the catcher. Ampli- 
fying action is obtained because the electrons pass through 
the buncher in a continuous stream and are effectively 
grouped so that they pass through the catcher in definite 
bunches or groups as explained in the following paragraphs. 

Bunching is produced by applying an alternating vol- 
tage to the buncher grids (produced by excitation of the 
buncher resonator by the passing electron beam). Assum- 
ing that a sine-wave voltage is produced and applied be- 
tween the buncher grids, it is evident that on the positive 
alternation the buncher grid nearest the catcher effectively 
has its positive potential increased, and therefore further 
accelerates the electron flow. On the negative altemation, 
the same buncher grid voltage is made less positive and the 
electron stream is slowed down. Since a continuous stream 
of electrons enters the bunching grids, the number of electrons 
accelerated by the alternating field between the buncher 
gtids on one half-cycle of operation is equalled almost 
exactly by the number of electrons decelerated on the 
negative half-cycle. Therefore, the net energy exchange 
between the electron stream and the buncher is zero over a 
complete cycle of alternation, except for the losses that 
occur in the tuned circuit (cavity) of the buncher. 
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After passing through the buncher grids, the electrons 
move through the drift spece in the tube with velocities 
which have been determined by their transit through the 
buncher grids. Since in a conventional klystron the drift 
space is free of any fields, at some point in this drift 
space the electrons which were accelerated will catch up 
with these which were previously decelerated (in o prior 
passage) to forma bunch. The catcher grids are placed at 
this point of bunching (determined by frequency and transit 
time), to extract rf energy from the bunched electrons. 

At the catcher a different situation exists. Since the 
electrons are traveling in bunches, spaced so that they 
enter the catcher field only when the oscillating circuit is 
in {ts decelerating half cycle, more energy is delivered to 
the catcher than {s taken from it. The remaining electrons 
in the beam pass through the arid and travel to the collect- 
or plate, where they are absorbed. 

In the reflex klystron, the catcher grids are replaced by 
a repeller plate, to which a negative potential {s applied, 
as illustrated in the accompanying figure. 

In this type of klystron, the electron beam is also 
velocity-modulated, and, by proper adjustment of the neg- 
ative voltage on the repeller plate, the electrons which 
have passed the bunching field may be made to pass 
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through the resonator again (in the reverse direction) at the 
proper time to deliver energy to this circuit. Thus, the 
feedback necessary to produce oscillation is obtained and 
the tube construction is simplified. Spent electrons are 
temoved from the tube by the positive accelerator grid 

(when used) or by the grids of the positive buncher cavity. 
Energy is coupled out of the cavity by means of a one-turn 
hairpin coupling loop. The operating frequency can be varied 
over a small range by changing the negative potential 
applied to the repeller, because this potential determines the 
transit time of the electrons between their first and second 
passages through the resonator. Since maximum output 
depends upon the fact that the electrons must return 

through the resonator at just the time when they are bunched 
and at exactly the decelerating half-cycle of oscillating 
resonator grid voltage, the output is more dependent than the 
frequency upon the repeller potential; therefore, the amount 
of tuning provided by varying the repeller voltage is limited. 
Usually the volume of the resonator cavity is changed (by 
mechanical tuning) to make a coarse adjustment of the 
oscillator frequency, ond the repeller voltage is varied over 
a narrow range to make a fine adjustment of the frequency 
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{electronic tuning) consistent with good output. ‘Since the 
same grids perform the dual function of bunching and catch- 
ing in the reflex klystron, they are frequently referred to as 
the buncher-catcher grids. Because of the variation of fre- 
quency with accelerating voltage, it is difficult to achieve 
linear amplitude modulation with a kiystron. Frequency 
modulation may be readily accomplished, however, by in- 
troducing a small modulating voliage ui ine Cuthode of 1 
peller. The tuned circuit used in the retlex klystron is a 
cavity resonator, which has a very high Q. Depending upon 
the tube type, the cavity may be an integral cavity (built 
into the tube) or an external cavity (clemped around the 
tube}, Severe! methods are used to tune cavity resonators. 
Capacitive tuning is provided by mechanically varying the 
qrid gap spacing; inductive tuning is provided by moving 
sciew plugs in of aut of the cavity (this changes tho vol 
yme, moking it either smaller and tuned to c higher fre 
quency, or larger 3nd tuned to a lower frequency). In some 
instances thermal tuning is used by applying heat to qrid 
gap to produce capacitive variations. Several types of out- 
put couplings are used, but the coupling ioop is the most 
popular type. Capacitive probe coupling is often used with 
the external type of cavity because construction difficulties 
do not readily permit the use of coupling loops with this 
type of cavity. At frequencies above 10,000 mc waveguides 
cre employed, and the output is coupled to the waveguide 
through a window or aperture. 

Detailed Analysis. In the practical klystron, the func- 
tion of the accelerating grid is provided by the cavity, which 
is maintained at a positive potenticl sufficiently strong to 
produce the initia! eifeci of accelerating 
constant velocity. A focus electrode, in the form of a 
cylinder connected to the cathode, is also provided to confine 
and effectively focus the electrons into a narrow beam. 
Focusing is achieved electrostatically without any exter- 
nal control. Any electrons which travel outside the beam 
are intercepted and removed, while those within the beam 
are attracted by the strong posi 
ated uniformly. A typical reflex klystron, showing the 
focusing electrode and the cavity structure, is 
in the accompanying figure. 
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Note the particular shape of the cavity, which has a post; 
shaped center hole. As a result of this construction, the 
cavity is very narrow at the point (the gap) where the elec- 
trons pass through it. The narrow gap is necessary for proper 
operation since the transit time through the cavity must be 
much less than the time fora complete cycle at the fre- 
quency of operation. Beyond the center hole the cavity is 
much larger. The portion of the cavity 
the ends are close together mey be considered capacitive 

in effect, and the remcining portions, where the capacitance 
is small, may be considered inductive in effect. Consider 
now the operation of velocity modulation. Since the cavity 
is developed as a quarter wave coaxia! resonator, the input 
and output ends are at opposite peiarities. Also, the cur- 
rent distrubution is approximately uniform at the center, 
passage takes place.. Hence. in the dup a 
‘field is produced. The passage of the elec- 
il distert the field and cu: 


excited, aad it os: 
dimensions. These oscillations pr 
ities at the entrance (grid 1) and exit (grid 2) grids, because 
the sides of the cavity are exactly one quarter wavelength 
apart at the operating frequency. By virtue of resonance 
and the use of a high-O cavity, the r-f oscillations develop 
c larae instantaneous voltage, which on the positive alter- 
nation places the exit grid at a more positive potential 

than the entrance grid. As a result, the exit grid is polar- 
ized in the proper direction to attract the electron beam 

and increase the electron beam velocity. See the following 


illustration for a representation of the cavity acti 
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produces @ bunching of the electrons. (In effect, the bunch- 
es of electrons occur at a period equdi tc tne frequency 2! 
oscillation. Thus, octual density modulation is produced, 
tesniting in an aitemating current ¥ ash 
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ELECTRONIC CIRCUITS NAVSHIPS 
Before the electrons with different cccelerations are 
completely bunched, they enter into the repeller-plate field, 
which :s negative and repels the electrons. An electron 
which was accelerated by the field at the cavity grids will 
penetrate the electric field ct the repeller plate to a greater 
depth than one which was accelerated tess or not at all, 
and will require a longer time to return to the cavity. Thus, 
bunching can be achieved by adjustment of the repeller 
plate voltage to the optimum value. When the voltage is 
optimized, bunches are formed at the cavity by those elec- 
trons which were accelerated meeting those which were 
not accelerated, but which passed through the gap at a later 
time, and also by those decelerated electrons which passed 
through at a still later time. A typicol Applegate diagram 
illustrating the bunching effect is shown in the accompanying 
figure. 
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To more clearly understand buncher and catcher cpercticn, 
we shall review the operction of the two-cavity type of tube. 
Action is based upon the fact that electrons will give up 
energy when slowed down, and absorb energy when accel- 
erated. In order for an electron to give up the greatest 
amount of energy to the catcher, it is necessary that the 
electron arrive at the center of the catcher at the instant 
when the electric field at the center of the catcher has its 
maximum neautive (retarding) value. Similarly, in order 
for a symmetrical group of electrons to deliver ae much 
energy as possible, the center of the group must arrive at 
the center of the catcher when the catcher field has its 
maximum negative value. Since the electron at the center 
of the group is the one that pzssed the center cf the buncher 
at the instant when the buncher field was changing from 
negative to positive, the time s/vp required by this elec- 
tron to move through the distance s from the center of the 
buncher to the center of the catcher, must be equal to the 
time interval between the zera value of the bun cher field 
and a negative maximum of the catcher field, as shown in 
the following figure. It is evident from examination of the 
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illustration that for meximum energy wansfer, the catcher 
field must lag the buncher field by the angle 


Sux 2 4 277 (Yen), 
Vo 


where T is the period of the field and n is any integer. 
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Buncher-Catcher Phase Relationships 


Up to this point nothing has been said regarding the means 
by which the catcher is kept in oscillation. The motion 
of an electron through a cavity resonator sets up an elec- 
tromagnetic field within the resonator. In a klystron the 
electrons pass through the catcher in bunches; therefore, the 
fields resulting from individual electrons will, for the most 
part, reinforce each other and thus produce a resultant 
field of appreciable magnitude. Because the bunches 
pass through the catcher at time intervals equal to the na- 
tural period of oscillation of the catcher, the catcher is 
set into oscillation. Since the amplitude of oscillation can 
build up only if the catcher gains energy, the oscillation 
automatically tends to assume the proper phase relative to 
the cycle of arrival of electron bunches to result in max- 
imum tronsfer of energy from the electrons to the catcher. 
Since the cavity of the reflex klystron acts both as a bunch- 
er and a catcher, if an output is to be obtained, the returning 
electrons must be phased so as to impart energy to the ca- 
vity and be absorbed. It is necesary that they approach 
the cavity when the buncher veltage originally induced is 
opposing them, or producing deceleration. Therefore, the 
time taken for a bunch to return to the cavity must be 3/4 
of a cycle of the operating frequency to supply energy by 
feedback and satisfy the requirements for oscillation. The 
phasing must be such that the electrons add energy to the 
cavity. Therefore, during the first quarter cycle they have 
not yet retumed, and during the second quarter cycle they 
are in phase opposition (180° apart), but at the 3/4 cycle 
they are in phase and will add energy to the cavity. A bunch 
of electrons which retums to the cavity ct a time equal to 
3/4 of a cycle, or any whole number of cycles plus 3/4 
cycle, will supply energy of the proper phase for sustaining 
oscillations. Thus, oscillations may be obtained at a num- 
ber of repeller plate voltages for a given frequency setting 
of the resonator cavity. 

Oscillations of maximum amplitude are obtained when 
the frequency of operation, as determined by the retum time 
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of the reflected electrons forming o bunch, coincides with 
the frequency to which the resonator is tuned. Since only 
one resonator is used, the tuning of the reflex klystron is 
relatively simple. Although the frequency of operation for 
fixed cavity tuning may be varied by changing the repeller 
voltage, the power output drops off on either side of the 
cavity frequency because the field of the qap does not pro- 


Jous values of repeller 


vide optimum Tetar Th 
voltage which produce oscillation result in what is known 
as different modes of operation. The most negative repeller 
voltage for which oscillation results is known as mode 1, 
Lower values of repeller voltage successively produce the 
higher modes (2, 3, 4, ete) of operation. A typical output 
response with repeller voltage voriation is illustrated in the 
following figure. 
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Power Output vs Repeller Voltage 


Since the bunching of the electrons for the higher-numbered 
modes is not so weil defined, the net energy given up by 
the beam to the resonator field is less, and the output power 
is smaller, as illustrated. On the other hand, because the 
bunching is not so well defined, the modes of higher num- 
ber are tunable over a greater range of frequencies (by ad- 
justment of the repeller voitage). The accompanying 
illustration of electronic tuning Tanges versus m modes 
cates that for the lower repeller voltages (mode 3) the sari 
of electronic tuning increases but the output decreases. 
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The variation of frequency with changes in the repeller 
voltage permits the reflex klystron to be used with an auto- 
Matic-frequency-control circuit, which controls the klystron 
frequency by lowering (or by increasing) the repeller voltage 
in the proper direction te compensate for any frequency 
change. Thus, the circuit con be made self-tuning and pro- 
vide reasonably good frequency stability, particularly in 
pulsed opera! here voltages and pulse amplitudes 
change drastically. (See Section 21 fora discussion of 
various types of AFC circuits.) 

Tuning Methods. The method used for tuning the 
resonator has an important pearing on the performance of a 
teflex klystron. Tuning is commonly accomplished by 
varying the length of the r-f gap, to adjust the capacitive 
portion x 
tive portion is altered. Capacitive tuning fequliss Small 
motions for large frequency shifts, particularly near the 
low-frequency end of the tuning range. This extra sensitivity 
i advan i 
upon the application. Generally speaking, it creates Q 
problem when temperature compensation is attempted because 
there must be considerable reduction of motion by a mechan- 
ical linkage between the control knob and the gap itself. 

The use of capacitive tuning reduces the range over 
which reasonable efficiency is obtained. As the frequency 
is raised by lengthening the gap, the transit angie through 
the gap increases rapidly because the electrons have far- 
ther to go and less time to make the trip. The beam coup- 
ling coefficient also drops rapidly at the high frequencies 
So that the output drops quickly. On the low-frequency side 

esOndInce, ¢ fe S, Sut it is not se 
rapid. Since the resonator must incorporate a flexible 
diaphragm to permit capacitive ty problesis arise in 
providing the proper vacuum sedi; also, the tube is suscep- 
tible to changes caused by strong sound waves impinging 
on the diaphragm, and to changes in barometric pressure, 
which cause problems in deroncutical appiications. 

On the other hand, inductive tuning is usually less 
sensitive because larger mechanical motions are required 
ts produce the s 


ore used (ak many as tous. to six) for tuning. 


ame effect. In radia! 
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a coupling device and an output transmission line. The 

most common pickup device is an inductive loop formed on 
the end of a coaxial line and inserted in a region of the 
cavity where the magnetic field is high. Aperture coupling, 
sometimes called iris coupling, is also used, but to a lesser 
extent than the pickup loop. In waveguide applications, 

the aperture is usually used for simplicity and convenience. 
For external cavity tubes employing coaxial-line tuners, a 
Capacitive probe is sometimes used. 


FAILURE ANALYSIS. 

No Output. Incorrect or no plate voltage can prevent 
oscillation. An incorrect repeller voltage can usually be 
te-adjusted (within range of the control) to the proper value, 
or output frequency may be adjusted by tuning the cavity 
until the tube operates on some other frequency. Lack of 
oscillation for all values of repeller voltage and cavity 
tuning indicates an open circuit, loss of accelerator anode 
voltage, or a defective tube. With an external cavity kly- 
stron, poor electrode contacts can also cause lack of output. 
A voltage check will quickly indicate whether the potentials 
are normal. Note: Although low voltages are used, the 
covity is positive while the repeller is negative so both 
supplies in sertes provide o possibility of dangerous shock, 
Observe sofety precautions when testing. A tube with de- 
creasing emission indicates incipient failure by a gradual 
teduction of plate current, and failure to oscillate 
at the usual repeller control settings. Such a condition 
becomes progressively worse over a period of time, and 
complete failure can be anticipated. Loss of output when 
automatic frequency control is used can result from failure 
of the AFC circuits; this type of trouble can be determined 
by switching to manual control and noting whether normal 
tuning occurs.. Since the reflex klystron is an integral unit 
with only output and supply connections, complete loss of 
oscillation is usually due to mistuning, loss of supply vol- 
tage, or d defective unit. 

Reduced Output. In the majority of cases, reduced 
output is caused by mistuning or lack of proper electrode 
voltages. Mistuning can usually be corrected by a slight 
teadjustment of the repeller voltage and the cavity tuning 
unless the tube or supply is defective. There is also a 
possibility that the output load has changed, requiring a 
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readjustment of the controls. Where stub tuners are em- 
ployed in the output circuit, reduced output may be caused 
by improper stub tuning. In either case, a slight readjust- 
ment of each of the tuning controls should quickly indicate 
which is at fault. Operation on a lower mode due to incor- 
tect supply voltage can be detected by a voltage check; 
this condition is usually indicated when the controls must 
be set to a position other than normal for maximum output, 
or when reduced output is obtained at the optimum adjust- 
ment point. If the supply voltages and load are normal, 
reduced output usually indicates incipient tube failure.. 

Incorrect Frequency. Slight changes in frequency can 
usually be corrected by moking slight repeller voltage 
changes and by tuning the cavity. Normally a rough fre- 
quency setting is obtained by adjusting the cavity tuning, 
and a fine frequency setting with optimum output is obtained 
by adjusting the repeller control. A simple voltage check 
should indicate whether t he repeller and cavity voltages 
are correct. If the cavity tuning is operable and the repeller 
voltage is correct, incorrect frequency operation can be 
caused only by load changes or by a change in the tube 
cavity mechanism with age. It should be possible to re- 
store the frequency by proper load adjustment. Changes 
in the mode of operation can be detected by noting whether 
the tuning range is greater and the output is less. Where 
AFC circuits are used to maintain the frequency, a shift to 
manual control will quickly determine whether they are at 
fault. 

Changes in frequency resulting from changes in temper- 
ature are usually compensated for by adjustment of the 
tuning controls; such changes may be caused by localized 
heating due to improper operation when power type klystrons 
are used, or by greater than normal ambient temperature 
changes. When proper operation and normal temperature are 
restored, the unit should again stabilize at the proper fre- 
quency. Unless thermal compensation circuits or devices 
are provided, it will be necessary to compensate by the 
use of manual tuning. If continued drift is observed, the 
tube ratings are probably being exceeded. Where a stable 
frequency is important, an AFC circuit is usually incorpor- 
ated. Improper operation of the AFC can be checked by 
sWitching to manual operation and observing whether oper- 
ation is normal. 
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PART B. SEMICONDUCTOR CIRCUITS 


L-C OSCILLATORS. 

The L-C type of transistor oscillator uses a tuned 
tank circuit consisting of either a parallel- or seties- 
connected capacitor and inductor similar to the electron 


tuhe type L hoice of parallel or series 


configuration used 
and the characteristics desired. The parallel tank offers 
a high impedance at the resonant frequency with high cir- 
culating current and minimum line current, while the series 
tesonant tank offers a low impedance at resonance with 
high line current and no circulating current. In most ap- 
plications the parallel resonant tank is used. 
Although operation is usually in ihe radio-hequency 
Tange, it is also possible for a tuned L-C tank to operate 
at audio frequencies. Oscillation is achieved by positive 
(regenerative) feedback (usually from the collector to the 
t 1a CE circuit but fixed by ¢ 


iviet 


inductive or capacitive coupling, c: 
transistor parameters themselves. 

Operation is usually Class C, but it can be Class A for 
waveform (test equipment) applications. Bias is obtained 
as specified for the basic transistor in Section 3 of this 
technical manual. A combined voltage divider and feed- 
back type biasing arrangement is often used because it 
helps produce oscillation, and at the same time establishes 
a stable d-c bias point. Emitter biasing with a bypass 
capacitor is also used, the operation being similar to that 
of the gtid-leak-capacitor biasing combination used for 
electron tubes. Usually, the amplituge is reyulated 
driving the transistor into the saturation and cutoff regions 
of its characteristic or by using special diode arrangements 
where needed. Either shunt ot series type collector feed 
may be employed, but the shunt type is preferred for greater 
output efficiency. Actually, for design purposes the oscil- 
lator 1s considered to be a Class C amplifier with a feed- 
back loop, operating at the same voltages and currents as 
an amplifier but with a lower over-all output because of 
feediack and circuit losses. If proper desiyn considera- 
tions are taken into account, the loss of power in the feed- 
pack loop is negligible, as the well designed transistor 
amplifier is normally operated with a power reserve of at 
least 10 percent. 

Frequency stability is equivaient to, and sometimes 


than, that of the electron tube counterpori, The use 


in particular, the low power em; 


hat more critical, cs slight bics chenges can 


cause large frequency changes. Unfortunctely, voltage and 
current changes on the transistor elements are not equal and, 
therefore, do not entirely cancel out to provide voltage or 
current stabilization. Actually, the transistor oscillator 
p 


the load, produces a sin 
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lected if amplitude variations are to be minimized. It should 
be noted that the transistor is particularly susceptible to 
instant damage by transient voltages. 

Tn the following discussion the three basic circuit con- 
figurations for each oscillator are shown to aid recognition, 
and to point out any salient differences that exist. Normally, 
the common-emitter circuit is the one most 


neountered for 


a number of reasons, us follows: The powet, a 
voltage gains in this configurction areal! better than 1, and 
the highest possible power gain can be achieved. There is 
a phase (polarity) reversal between input and output so that 
additional phase shifting in the positive feedback direction 
is easily achieved by addition of the tank circuit. Also, 

the common-emitter circuit is the counterpart of the electron 
tube grounded-cathode circuit, and moderaie inpui und vuipul 
impedances make less power necessary for feedback. Where- 
as with the common-base configuration, the low-input and 
high-output impedances inheren' rT 
match in the feedback circuit, pro sses ond 
tequiting more feedback. Thecurrent gain in the CB circuit 

is less than 1, even though voltage and power gains are 
higher thon unity, and the input and output currents are in 
phase (this condition is advantageous for oscillators not 
having a tank circuit), A somewhat similar condition exists 
in the common-collector circuit; that is, high input and mod- 
erate output impedances provide mismatching and require ad- 
ditional feedback. Low voltage gain negates the current 

and power gain possible, and the in-phase output condition 
tends to prevent, rather than enhance, oscillation. 

Transistor porameters generally limit the moximum uscbl . 
frequency of osciliation for any particular oscillator circuit 
which is defined as the alpha cutoff frequency (fab) for the 
common buse configuration and the beta cutoff frequency 
(fe) for the common emitter. This is the frequency at which 
the forward current gain drops 3 db, cr to 70.7 percent of the 
1000-cps value of current gain. It should be noted that this 
value is not fmax, which is the maximum theoretical frequency 
at which the transistor could oscillate, or as sometimes 
stated, equal to the frequency at which the power gain is unity. 
The cutoff frequency actually defines the highest frequenicy 
at which the most useful power gain is obtained. Transistors 
are usable and will oscillate in the region between the cutoff 
frequency and Imex; their output, however, will be lower thar. 
that between 1000 cps and cutoff. At exactly fmax, theoreti- 
cally no teedback can occur and there wiil be no oscillation 


it frequency. 
al frequency. 


the circuit cause mis- 


j 


nce transistors have interelectrode capacitance similar 


bias), Cpe is smail and can be negiéctea, 
to-bese copacitance, Cun, varies on the 
ficdfarads Is? high-frequerc 
picotarads or more for audio wansistors. increased coilector 
voltage will reduce the collector-base capacitance, and in- 
creased emitter current will increase the coilector-base cc- 
pacitance, but these effects are rot equal and therefore de 
not compensate each cther, The collector-teemitter cap- 


transistors to 
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TICKLER COIL (ARMSTRONG) OSCILLATOR. 


APPLICATION. 

The tickler coil (Armstrong) oscillator is used to produce 
@ sinewave output of constant amplitude and fairly constant 
frequency within the r-fronge, The circuit is generally used 
as a local oscillator in receivers, as a signal source in sig 
nal generators, and as a variable-frequency oscillator over 
the medium- ond high-frequency ranges. 


CHARACTERISTICS. 

Uses an L-C parallel tuned circuit to establish the fre 
quency of oscillation, with feedback being provided by a 
separate tickler coil of proper polarity to sustain oscillation. 

Operates Class C with stabilized bias for applications 
where linearity of waveform is not important, andClass A 
where linearity of waveform is important. 

Frequency stability is fair (generally comparable to that 
of the Armstrong vacuum-tube oscillator}. 


CIRCUIT ANALYSIS. 

General. A sine-wave output may be obtained from an 
oscillator utilizing a tuned L-C circuit, especially when the 
tronsistot is operating over the linear portion of its transfer 
characteristic curve. The L-C circuit (commonly called a 
tank circuit) determines the frequency of oscillation. The 
tank circuit can be located in either the base or the collector 
circuits to produce two versions of this circuit known as the 
tuned-base and tuned-collector circuits, respectively; these 
are similar to the tuned-grid and tuned-plate electron tube 
oscillators. Although three basic transistor configurations 
(common base, common emitter, and common collector) can 
be used, generally, only two, the common emitter and common 
base, are used in practice. A trend is developing towards 
the use of the common-emitter arrangement in preference to 
the others, since it so nearly parallels the electron tube 
and has input ond output impedances that are more easily 
motched. In the CE circuit, since the input and output are 
180 degrees out-of-phase (opposite polarity), it is necessary 
to provide a 180-degree phase shift (reverse polarity} to 
bring the output in-phase (of proper polarity) so that oscilla- 
tion may be sustained. However, in the common-base and 
common-collector arrangements, the input and output are 
already in-phase (identically polarized); therefore, no phase 
shift (polarity reversal) is required (at extremely low fre- 
quencies excessive phase shift may prove troublesome). 
The basic advantage of the Armstrong oscillator, however, 
is that since the feedback is developed by a separate 
(tickler) coil, the amount and polarity of the feedbock are 
easily adjusted at the time of manufacture by changing the 
number of turns or direction of the winding. 

Cirewit Operation. The three basic transistor configure 
tions of the Armstrong oscillator circuit are shown below. 
Bias and plate feed crrangements ore omitted for the sake 
of simplicity, but will be discussed later. It is assumed 
that forward bias is applied to the emitter-base junction 
and that reverse bias is applied to the collector-base junc- 
tion. Only junction transistors are discussed, since point- 
centact transistors require slightly different considerations 
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Basic Armstrong Configurations 


and their use is constantly diminishing, except for special 
applications which will be discussed elsewhere in this tech- 
nical manual when applicable. 

The common-base circuit is usually preferred at the 
higher frequencies because the collector-emitter capacitance, 
Coe, helps feed back an in-phase (properly polarized) volt- 
age independently of tickler coil L1, and oscillation is more 
easily obtained. In the common-emitter circuit this capaci- 
tance feeds back an out-of-phase (oppositely polarized) 
voltage which requires additional feedback from the tickler 
coil to overcome it. In both the CB and CE circuits, since 
feeedback is primarily provided by voltage induced through 
the mutual induction between L1 andL2, and since the volt- 
age gain of these circuits is greater than unity, oscillation 
is easily sustained. In the common-collector circuit, the 
voltage gain is always less than unity; therefore, feedback 
tends to be insufficient for stable oscillation at the lower 
frequencies, while at the higher frequencies it is assisted 
by Coe. In some instances, wn external capacitor is added 
between the collector and emitter to provide additional feed- 
back, but when this is done the oscillator can no longer be 
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considered an Armstrong circuit; consequently, the CC cir- 
cuit is not often employed for this type of oscillator. 

The CB circuit with the tuned collector permits conven- 
ient matching of input and output impedances, since the low 
input tesistance is easily matched with the tickler coil, 
pedance is matched by the tuned 
parallel-resonant tank circuit. Moreover, the collector-base 


interne! capac 
oiacsisd circuit. 


eit 
ond the high output 


Tn the comme and 
output impedances are more easily matched, and the tenk 
may be placed in either the base or collector circuits without 
noticeably affecting the performance. 

The operation of the L-C circuit is identical to that 
of the L-C circuit for the Armstrong electron tube oscillator 
circuit described in the beginning of this section. The tran- 
sistor action 1s as follows: As the oscillator is swiiched 
on, current flows through the transistor as determined by the 
biasing circuit. Internal noise or thermal variations (initial 
current) produce a feedback voltage between the collector 
and the emitter which is in-phase with the input circuit. 
Thus, as the emitter current increases, the collector cur- 
rent also increases, and additional feedback between L1 
and L2 further increases the emitter current until it reaches 
the saturation region, where the emitter current no longer in- 
creases, When the current stops changing, the induced feed- 
back voltage is reduced until there is no longer any voltage 
fed back into the emitter circuit. At this time the collaps- 
ing field around the tank and tickler coils induces a reverse 
voltage into the emitter circuit which causes a decrease in 
the emitter current, and hence a decrease in the collector 
surent, Thede duces a grenter re- 
verse voltage in the feedback loop, driving the emitter 
current to zero or cutoff. Although the emitter current is 
cut off, a small reverse saturation current {Icro) flows; 
this current has essentially no effect on the operation of the 
circuit, but it does represent a loss which lowers the over- 
all efficiency. In this repect, the transistor differs from 
the electron tube, which has zero current flow at cutoff. 

The discharge of the tank capacitor through L2 will 
cause the voltage applied te the emitter to rise from a 
Tteverse-bias vaiue through zero to a forward-bias value. 
Emitter and collector current will flow, and the previous 
described action will repeat itself, resulting in sustained 
oscillutions. Actually, the shunting action of the transistor 
parameters provides both a resistive and capacitive effect, 
which causes te cap eee of Operntton, a8 Be - sightly i lower 


0 


aye 
L2 and C at resonance. 
Tuned-Bose Oscillator. The tuned-base (tuned-grid) 
Amnstrong osciliator using the common-emitter coniiquration 


is shown in the accompanying illustration. One voltage sup- 
ly is used, with fixed His being supplied by woltange: 
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Tuned-Base Armstrong Oscillator 


3.4.1, for bias explanation). Emitter swamping resistor Re 
bypassed by Cl, is used for temperature stabilization. 

The collector is shunt-fed through Rc, with C2 serving 
as the coupling {and blocking) capacitor for the tickler coil, 
to prevent shunting of the d-c collector voltage to ground. 
The tuned tank consists of L2 and tuning capacitor C, 
coupled to the base of transistor Q1 by capacitor C3, which 
prevents short-circuiting of the base bias to ground through 
the tank inductor. 

When the circuit is energized, the initial bias is deter- 
mined by Rl andRe, and oscillation ts built up by feedback 
from L1 to L2, Besides acting as a thermal stabilizer and 
swamping resistor, the combination of Re and Ci acts 
similarly to a grid leak in an electron tube circuit and builds 
up a degenerative bias which places operation in the Class 
C region. That is, while Re and Ri produce a forward bias, 
Re produces a reverse bias, with the algebraic sum of the 
two biases providing the operating bias. Circuit constants 
can be adjusted by changing the valuesof parts to produce 
practically any value of bias between Class A and C. The 
t-f output is token from the collector through Cec. The out- 
put frequency is determined by the resonant frequency of 
the tank. 

Tuned-Collector Oscillator. The tuned-collector 
(tuned-plate} Armstrong oscillator using the common-emitter 
configuration is shown schematically in the accompanying 
illustration. One voltage supply is used, with fixed base 
bigs being supplied by voltage-dividing resistors Rl and Ra 
as in the tuned-base oscillator shown previously. The ar- 
fangement below uses series base feed, together with series 
collector feed through the tank inductor, although parallel 
feed may be used equally well. 
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Tuned-Collector Armstrong Oscillator 


Since the collector is series fed through L2, tuning cap- 
acitor C is above ground and will be subject to hand-cap- 
acitance effects. In some circuit variations a radio- 
frequency choke may be used in series with the tank and 
bypassed to chassis to shunt any remaining rf around the 
power supply. Base bias resistor Rp is shunted by Cp, 
to prevent signal variations from affecting the fixed base bias. 
Emitter-swamping and base-biasing arrangements operate 
exactly the same as in the tuned-base oscillator previously 
discussed. The r-f output, however, is taken through in- 
ductive coupling to the tank circuit. Use of series collector 
and base bias feeds eliminates the need for coupling and 
blocking capacitors, and thus eliminates any dead spots 
caused by unwanted resonances of these parts with stray 
circuit or internal transistor capacitance. The feedback 
polarity is arranged to provide a 180-degree phase shift, 
in order to produce positive (regenerative) feedback similar 
to that obtained in the tuned-base oscillator. Placing the 
tank in the collector circuit provides an effective swamping 
capacitance across the collector and emitter, to minimize 
effects due to the variations of Cce. Although this circuit 
appears to be more stable from a frequency standpoint than 
the tuned-base oscillator, it is not so stable thermally. Since 
the series feed arrangement is usedin both the collector and 
base, there is a d-c path of relatively low resistance for 
reverse saturation current lego, which flows during cutoff. 
The path is from the negative collector supply through the 
low resistance of L2, through the collector to the base of 
Q1, and through the low d-c resistance of L1, then through 
the high base bias resistance Rp to the positive supply 
terminal, Thus the relatively high resistance of collector 
resistor Re of the tuned-base oscillator circuit is replaced 
by the very low d-c resistance of the windings of L1 and L2. 
As a result, the individual transistor Iczo current determines 
how large a current will flow through the tank and feedback 
inductances to decrease the effective circuit Q and reduce 
the over-all efficiency of the oscillator. Where battery power 
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supplies ate used, such leakage current will provide a small 
but constant drain on the battery, an effect not possible with 
electron tubes. 


FAILURE ANALYSIS. 

No Output As in a vacuum-tube counterpart, loss of 
gain in the transistor can result in lack of oscillation through 
loss of feedback. It should be kept in mind that, unlike the 
electron tube, the transistor cannot lose gain through 
loss of emission. Failures cf the transistor mostly result 
in short- or open-circuit conditions rather than deteriorated 
operation. An excessive time constant in the emitter bias 
circuit, produced by an increase in the resistance of Re, 
could cause blocking effects. A change in the value of emit- 
ter bias copacitor C] will affect the operating bias, but will 
be rather unlikely to completely stop oscillation unless the 
change is large, Once oscillations have started, loss of 
forward bias through an open in the base circuit will not 
necessarily stop oscillations because the feedback signal 
swinging both positive and negative (on a reference of zero 
or the established self-bias) will apply on the neqative or 
positive half cycle, depending on the circuit configuration 
and the type of transistor used, a forward bias and cause 
emitter collector current to flow (while possible , this con- 
dition is not very common). Particular care should be taken 
not to aggravate troubles by applying potentials greater than 
the rated voltages (or of the wrong polarity) to the transistor 
elements when checking the resistance of bias elements and 
circuit continuity. Failure of the tank and tickler blocking 
capacitors in the porallel-fed circuit will cause the shorting 
of bias or supply potentials and stop oscillation; however, 
at the low voltages used such failure is not very likely. 
Shorted tickler or tank inductor tums or poorly soldered 
connections may produce sufficient shunting (or high resis- 
tance) to stop feedback, although the tank inductor change 
would probably be indicated by a frequency change rather 
than loss of oscillation, A short in the tuning capacitor can 
cause loss of oscillation, and it may not be detected by a 
continuity check unless the tank coil is disconnected, 

Reduced or Unstable Output. Instability should be 
resolved into one of two types — frequency or amplitude. 

If temperature variations are the cause of frequency in- 
stability, the trouble is most likely in the biasing circuit or the 
emitter swamping circuit. Opening of the bias voltage divider 
or shorting of one of its resistors will provide less stability, 
but such a condition is easily found by checking for proper 
bias with a high-resistance voltmeter, preferably of the 
electronic type. It is important, in the case of the electronic 
voltmeter, to make certain that its chassis doesnot have an 
above-ground voltage which could be accidentally applied 

to the transistor under test. Frequency instability can also 
tesult from poor connections or changes of L and C values, 
Mechanical, electrical, and thermal considerations affecting 
the tank circuit should be considered. Lack of regulated 
supply voltage for bias and operation is important. In gener- 
al, the percentage of regulation in the supply voltage must be 
better for transistor oscillators than for vacuum tube oscillo- 
tors. If external to the equipment, power supply regulation 
effects can sometimes be easily corrected by appropriate 
use of Zener diodes at the points affected. 
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Instability in the omplitude can be traced in most cases 
to variations in the supply voltage or to component feilure 
in limiting diodes placed in the circuit for the sole purpose 
of maintaining amplitude stability. 

While reduced output can result from loss of gain in tne 
transistor, this condition is not as common gs it 1s with 
electron tubes; therefore, it is more iogical to investigate 
supply and bias veitages first before changing trunsisivis. 
Excessive bias, rether than lack of bigs, is more tikeiy to 
reduce output. 

Incorrect Output Frequency. Normally ,a small change 
in output frequency can be compensated ior by realigning 
or adjusting the variable component cf the L-C resoncnt tank 
ccuit, assumin« that ali component pertsof the circuit are 
shown to be factory. Cnenges in di 
ance or refiected ioad ieactunce will also affect 
quency of operation, Additional capacitance wi 
frequency and less capacitance wiil ase the { 
corresponding changes in inductance will preduce tn 
effect. A change in transistor parameters will also atiect 
the frequency; tor example, an increase in the collector voit- 
age will reduce the collector-base capacitance, while an in- 
crease in the emitter current will increase the collector- 
base copacitence. Power supply regulation effects can, 
therefore, be suspected when temporary frequency changes 
occur. Compcrison of actual indications with those of the 
operational standard will generally indicate the arec at iauit. 
It may normally be assumed that major frequency changes will 
involve the transistor elements and components assccicted 
with the tank circuit, since they constitute tne major fre- 
quencv-deiermining postion of the circuit. 
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ductor tank circuit may be used as either an autotransformer 
or a phase shifter, depending on the type of feedback needed 
for the specific circuit configuration. Unlike the Armstrong 
oscillator where feedback can be shifted in phase 180° by 
reversing the tickler coil, the Hartley oscillator will operate 
oniy in o common-emitter arrangement since the feedback i: 
always shifted in phase 180°, 

Circuit Gperuiion, The basic transistor configuration 


of the Hartley oscillator crcuit is shown in the follow 


cE 


Basic Hartley Configuration 


illustration. Bias and collector feed arrangements are not 
shown, but will be discussed later. It is assumed that for- 
word bias is initially applied te the emitter-base junction 
and that reverse bics is applied to the collector junction. 
This discussion concerns junction transistors only; how- 
ever, point-contact transistors operate in a somewhat 
simile: man 


from collector asé to produce positive (regenerative) 
feedpack. Grounding tne emitter tap (see illustration beiow 
for grounding points} produces the effect of inverting the 
windings and thus provides the desired 180-degree phase 
shift. The resonant frequency is determined by the tuning 
of the tank capacitor, C, and is given by the formula: 
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The figure shows three different arrangements of the 
common-emitter configuration for grounding the transistor 
elements. These circuits provide a convenient method for 
grounding the rotor of the tuning capacitor to eliminate 
hand-capacitance tuning effects and to obtain proper feed- 
back phasing. Note that the three configurations in the il- 
lustration are all commen-emitter arrangements and that the 
only difference from the basic schematic is the grounding 
point. In some texts, these configurations are referred to as 
common base, common emitter, and common collector, 
tespectively. In all three grounding arrangements of the 
figure, the feedback is fed from collector to base, and the 
emitter is the common element. 

The discussion under the Armstrong circuit concerning 
the relative merits of the various configurations and the 
transistor action are applicable to this oscillator. Opera- 
tion of the L-C circuit is similar to that of the tickler coil 
electron tube oscillator citcuit discussed at the beginning 
of this Section. In fact, the operation of the Hartley circuit 
can be considered exactly the same as that of the Armstrong 
circuit, with the tickler coil being an integral portion of 
the tuned tank circuit, The frequency stability of the Hartley 
oscillator is slightly better than that of the Armstrong 
oscillator because the tank tuning capacitor tunes the entire 
coil and feedback loop, and a high C-to-L ratio provides 
effective capacitence swamping, 

Shunt-Fed Hortiey. The shunt-fed Hartley oscillator 
using the common-émitter configuration is shown in the 
following figure. One voltage supply is used, with fixed 
base bias being supplied by voltage-dividing resistors Rl 
and Rg (see Section 3, paragraph 3.4.1, for explanation of 
biasing). Emitter swamping resistor Re, bypassed by Cl, 
is used for temperoture stabilization. 

The collector is shunt fed through radio-frequency choke 
RFC, with C3 serving as the dec blocking and r-i coupling 
capacitor to keep the tank coil from shorting the collector. 
Similarly, C2 serves as the base blocking and coupling cap- 
citor to prevent shorting of the base to ground through the 
tank inductor. 
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Shunt-Fed Hartley CE Oscillator 
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When the shunt-fed circuit is energized, the initial bias 
is determined by Rl and Rp, and oscillation is built up by 
feedback supplied trom the collector to the base through 
sections Le and Lr of the tank inductor, Note that an o-c 
path exists from the emitter through the Lc portion of the 
tank and coupling capacitor C3 to the collector, and that a 
similar path exists through Lp and C2 to the base. As 
oscillation occurs, a degenerative bias is developed across 
Re (if Cl is of the correct value) similar to that of the 
gtid-leak-capacitor combination used in electron tube oscilla- 
tors, and this bias places operation somewhere between 
Class A andClassC depending on the parts values. Usually 
the values of voltage divider Rl and Rg are chosen to pro- 
vide Class A bias for easy starting, and the values of Re and 
C1 are chosen to provide Class B or C bias for the desired 
efficiency of operation, with thermal stabilization. The out- 
put may be taken from a capacitor connected ta the collector 
ot from an inductor coupled to the tank. 

Series-Fed Hartley. The series-fed Hartley oscillator 
is shown below. The base circuit is voltoge-divider biased 
and emitter stabilized as in the shunt-fed version, The 
collector voltage is applied through the tap on the tank in- 
ductor, the voltage source being shunted for ri by C3. Op- 
eration of the series-fed circuit is identical to that of the 
shunt-fed circuit discussed previously. Since a d-c current 
flows through a portion of the tank circuit, the C is lowered 
and the frequency stability is not as great as that of the 
shunt-fed circuit. 


Series-Fed Hortley CE Oscillator 


Detciled Analysis, Like the vacuum tube oscillator, 
the transistor oscillator can be converted to an equivalent 
circuit and analyzed mathematically to determine the con- 
ditions required for oscillation and the frequency of opera- 
tion, using the h-parameters of the transistor. A typical 
common-emitter equivalent circuit for the Hartley osciilator 
is illustrated below. Since the mathematical analysis is 
complex and beyond the scope of this text, and exact only 
for low audio frequencies, the interested reader is referred 
to standard text books for this data, 
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Hartley Semiconductor Equivalent Circuis 


The accompanying vector diagram may be more helptul 
to a better understanding of circuit operation, since it shows 
the voltage and current relotionships. The common-e:nitter 
circuit is illustrated, 
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prevent application cf excessive voltage te the transistor 
by using a common ground on both the transistor and test 
chassis. Use high-impedance meters to avoid placing a dc 
shunt or return path in the circuit and causing improper 
current flow or voltage distribution. 
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tonk circuit, since they constitute the majer frequency-deter- 
mining portion of the circuit. 


COLPITTS OSCILLATOR. 


APPLICATION. 

The Colpitts oscillator is used to produce o sine-wave 
output of constant amplitude and fairly constant frequency 
within the r-f range and sometimes within the audio range. 
The circuit is generally used as a local oscillator in receiv- 
ers, as a signal source in signal generators, as @ variable 
frequency oscillator for general use over tne low-, medium-, 
and high-frequency ranges. 


CHARACTERISTICS. 

Uses an L-C parallel tuned circuit to establish frequen- 
cy of operation 

Features inductive tuning rather than capacitive. 

Feedback is obtained thr ough a capocitance-type volt- 
age divider. 

Operates Class C where waveform linearity is not im- 
portant, and Class A where linearity of waveform {ts im 
portant. 

Frequency stability is good (considered better than that 
of the Hartley at the lower and medium frequencies). 

Oscillates easily at high frequencies, where inductive 
teedback types have difficulty securing sufficient feedback. 


CIRCUI™ ANALYSIS, 

General. A sinewave output may be obtcined from a 
transistor oscillator using a tuned L-C circuit, particularly 
when the transistor is operating in the linear region of its 
transfer characteristics. The L-C (tank) circuit determines 
the frequency of oscillction. The tank circuit consists of 
two series-connected capacitors in paralle] with the inductor. 
The two series capacitors will act as a capacitance voltage 
divider across the inductor (in addition to tuning the coil 
to resonance) with the larger voltage appearing across the 
smaller capacitor. The capacitance feedback voltage divid- 
et may be connected so as to provide either an in-phase volt- 
age or an out-of-phase voltage, to suit the various transistor 
configurations used. The reactance ratio of the two series 
capacitors is usually chosen to match the input-output 
tesistances of the transistor used, Mathematical analysis 
predicts a larger ratio between them than is employed in 
electron tube practice. The large ratio between capacitor 
values makes it practical to employ fixed capacitors and 
tune the inductance over the desired frequency range. The 
use of capacitance (separate or ganged) tuning over small 
Tanges is occasionally encountered. The frequency of 
operation is the same as the resonant frequency of the tank 


circuit, which is given oy: f= 
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Cirevit Operation. The basic configuration of the Colpitts 
transistor oscillator is shown in the figure below. For sim- 
plicity, bias and collector feed arrangements are not shown, 
but are discussed later. It is assumed that forward bias 
is initially applied to the emitter-base junction and that 
reverse bias is applied to the collector-base junction, Only 
junction transistors are considered since point-contact 
transistors operate somewhat differently. 


Basic Colpetts Contiguration 


Since in the common-emitter circuit the base and collec- 
tor elements are out-of-phase, it 1s necessary to provide a 
180-degree phase shift to obtain the positive (regenerative) 
feedback needed to sustain oscillation. This phase shift 
is achieved by grounding the common capacitor connection, 
to make the instantaneous polarity of the capacitor supply- 
ing the feedback to the emitter opposite to that of the col- 
lector. The discussions of transistor action and the relative 
merits of the various configurations of L-C oscillators made 
previously are also generally applicable to this oscillator. 
The frequency stability is better than that of the 
Hartley oscillator and the Armstrong oscillatar, because the 
lumped tank capacitors effectively swamp out any slight 
capacitance changes that occur between the emitter and 
collector end between the emitter and base of the transistor. 

The foliowing simplified schematics of grounding points 
show three different arramgements of the common-emitter 


SS 


GB GE 6c 


CE Colpitts Oscillator Grounding Points 
configuration for grounding the transistor elements. These 
circuits provide a convenient method of grounding the tuning- 


capacitor rotor to eliminate hand-capacitance tuning effects 
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and to achieve the proper phasing for the feedback, Note 
that the three grounding point configurations are all common- 
emitter arrangements and that the only difference from the 
basic oscillator is the grounding point. In some texts these 
configurations are referred to as cammen base, common 
emitter, Gnd common collector, fespectively. 

Shunt-Fed Colpitts. The shunt-fed Colpitts oscillator 
arranged in the common-emitter transistor configuruiion is 
shown schematically in the accompanying illustration. One 
voltage supply is used, with fixed bias being supplied by 
voltage-dividing resistors R1 and Rp (see Section 3, para- 
graph 3.4.1, for an explanation of biasing). Emitter swamping 
resistor Re, bypassed by Cl, is used for temperature stabil- 
ization, 


OUTPUT 


Shunt-Fed Colpitts GE Oscillator 


The collector is shunt-fed through radio-frequency choke 
RFC to keep the ri out of the supply circuit, with capacitor 
C2 acting as a coupling capacitor for the tank circuit. Capa- 
citor C2 also serves ds a biocking capacitor, preventing the 
d-c supply fromentering the tanx circuit and shunting (uctu- 
ally shorting) Rl through the tenk inductance. 

When the circuit is enerqized, the initial bias is deter- 
mined by Ri andHn, and oscillation is built up by teedback 
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age thet 1s out-of-phase with the collector is applied between 
the emitter and base to supply a positive f 


feedback and s 
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an emitter swamping resistor for thermal stabiltzation, with 
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tion is essentially regulated by driving the tronsistor to 
satutation on one portion of the cycle and to cutoff on the 
other portion, Although such action normally would cause 
abrupt changes and distort the waveform, the tank circuit 
effectively smoothes out the pulsations in Class C opera 
ion to provide oscillations thet are essentially sine waves, 


In the linear Class A region, the circuit provides satisfac- 


tory sinc wave cutout for test equipment use. The oscilla 
tor output is normally taken by a coil coupied 


‘G the tank inductor, although a cape: 

it necessary. 
Detailed Anclysis. A typical common-emitter equiva- 
lent circuit for the Colpitts oscillater is illustrated below. 


tive tap may be used 


Sreuit, the mati: 


As in the Hartley circult, the m 
equivalent circuil is too involved 
tound in standard texts. With botn 
equivalent circuits 1115 possible, with slight modifications, 
to represent most of the other oscillator circuits now in 
use. Thus, the interested reader will find these two circuits 
most useful, 

One interesting fact develops from the Colpitts analysis; 
that is, the starting conditions are found to be: 
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Colpitts Vector Diagram 


Note that the Colpitts is exactly the inverse of the 
Hartley. The reference vector is ¢gen, with the induced 
base voltage, El, directed 180 degrees out of phase. 
Since the Colpitts oscillator operates above the tank 
frequency, the tank circuit appears slightly capacitive. 
Thus i, leads egen by a small angle, while E, lags. 
Current ix through capacitor C, leads E, by 90 degrees. 
Current iy through the branch containing the tank inductance 
and C, is primarily inductive and lags E, by an angle less 
than 90 degrees depending largely upon the Q of the tank 
inductance, Since the induced base voltage, E,, appears 
actass capacitor C,,, it lags iy by 90 degrees, thereby 
satisfying the conditions for oscillation. It can be seen 
that with higher values of circuit Q the phase difference 
between i, and E, will diminish. 


FAILURE ANALYSIS. 

No Output. Although oscillation may fail because 
of a shorted or open-circuited transistor, deteriora- 
tion with age similar to the decrease of emission in 
electron tubes does not normally occur. High-temperature 
operation may cause premature failure or drop-off in per- 
formance of the transistor; however , this can normally be 
obviated by proper ventilotion of the equipment. Reflected 
reactance from heavy loading due to tight coupling may 
occur and preventoscillation, but it should not occur with 
proper design. Failure of collector blocking capacitor C2 
will place a d-c short circuit across the collector and base 
of transistor Q1 through the tank inductance and stop 
oscillation; it may also ruin the emitter-base junction. 
Changes in value of the bias resistors will probably reduce 
the output rather than prevent oscillation completely. 
Shorting of either of the tuning capacitors will prevent 
oscillation. In making continuity checks of these tuning 
capacitors with an ohmmeter, it is important to connect the 
chmmeter with the correct polarity because, since the 
emitter-base junction is in parallel, use of the incorrect 
polarity would apply a forward bias and possibly damage 
the transistor. 

Reduced or Unstable Output. As in the oscillators 
discussed previcusiy, it is important to determine whether 
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the instability is associated with frequency or amplitude. 
if amplitude instability is caused by temperature effects, 
the bias divider and emitter stabilizing resistors are 
probably at fault. Reduced output will most likely be due 
to excessive biasing caused by changes in value of the bias 
resistors, or to excessive degeneration caused by an open 
capacitor (or d reduced value of capacitance) in the emitter 
bypass circuit. A leaky collector coupling capacitor will 
cause a change in bias by reflecting, through the tank induc- 
tance, d parallel resistance between the base and collector 
elements of the transistor. Frequency instability will 
indicate that the tank circuit or supply voltage is at fault. 
Although this circuit provides capacitance swamping of 
the elements to minimize transistor copacitance changes 
with supply voltage changes, it should be noted that a 
varying supply voltage also changes the transistor opera- 
ting point and may therefore affect the frequency to some 
extent. As in the other oscillators, poor mechanical 
connections and shorted turns or deteriorated insulation in 
the tank circuit may cause unstable operation. 

Incorrect Output Frequency. As in the other oscil- 
lators discussed previously, small changes in frequency can 
be corrected by adjusting the tuning capacitor, assuming 
that all parts are in good condition. Variations of frequency 
with supply voltage changes indicate the need for external 
supply regulation. Major frequency changes will most 
likely indicate trouble in the tank circuit since it is the 
primary frequency-determining circuit. Although a change 
in transistor parameters may change the frequency to some 
extent, a major porameter change will most likely result in 
reduced output or unstable operation. Too tight coupling 
of the load is indicated if the frequency changes noticeably 
with changes in loading (a slight change is normal). 


CLAPP OSCILLATOR. 


APPLICATION. 

The Clapp oscillator is used to produce a sine-wave 
output of constant amplitude and frequency within the r-f 
tange. The circuit is generally used as a signal source in 
signal generators and as a variable-frequency oscillator 
for general use over the high- and very-high-frequency 
ranges. 


CHARACTERISTICS, 

Uses a series-resonant L-C circuit to determine the 
frequency of oscillation. 

Feedback is obtained through a capacitance-type volt- 
age divider. 

Frequency of operation is relatively independent of 
transistor parameters. 

Operates Class C where waveform linearity is not im- 
portant, and Class A where a linear waveform is required. 
Frequency stability is good (better than that of the 

Colpitts oscillator). 


CIRCUIT ANALYSIS. 

Generel, The Clapp circuit is considered to be a 
variation of the Colpitts circuit discussed previously. It 
uses the stabilizing effect of a series-resonant tuned tank 
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The collector is shunt-fed through radio-frequency 
choke HFC to keep rf out of the power supply and avoid 
power supply shunting effects. Note that series feed can- 
not be used with the Clapp circuit because tuning capaci- 
tor C is in series with tonk inductonce. Thus 3 blocking 
capacitor in either the base or the collector lead is not 
tequited for this circuit. When the circuit is energized, 
Class A bias is supplied for starting by the bias voltage 
divider consisting of Rl and Re, ond feedback to the base 
is applied through feedback divider capacitor C3. 
Grounding the common connection between the feedback 
divider capacitors provides the 180-degree phase reversal 
necessary to provide positive feedback from collector to 
base. The emitter resistor and capacitor combination acts 
in the some manner as an electron-tube grid-leak to provide 
essentially Class C bias after a few oscillations. Re 
also acts 9s a d-c thermal stabilizer for collector-current 
temperature variations. In a properly designed circuit, the 
proper feedback voltage divider capacitor ratio fer stable 
feedback with the transistor used mey ve selected, inde- 
pendently of tank circuit design considerations, to provide 
oscillation over the desired range of operation. The output 
may be taken capacitively or by inductance coupling to the 
tuned tank circuit. With loose inductive coupling, the 
Output obtained is very stable and relatively free of the 
detuning effects of loading, since the tank circuit is 
loosely coupled to the feedback loop and relatively inde- 
pendent of any change in transistor parameters. 


FAILURE ANALYSIS. 

Ne Output. Since no blocking capacitors are employed 
and since the tank circuit is essentially unaffected by 
changes in transistor parameters, lack of output is usually 
limited to lack of feedback or improper bigs voltages. An 
open or shorted transistor or an open or shorted feed- 
back capacitor will stop oscillation, A shorted tuning 
capacitor C will also stop oscillation because it will 
permit the collector voltage on tank coil L to be shorted to 
the base. Poorly soldered connections may produce circuit 
losses sufficient to prevent oscillation, while changes in 
value or open bias resistors will probably reduce rather than 
stop oscillation completely, 

Reduced or Unstable Output. Reduced output would 
most likely indicate a change in bias resistor values or a 
detective emitter bypass capacitor. An open or partially 
open emitter bypass would produce excessive degenera- 
tion and perhaps complete cutoff, though the latter is vety 
unlikely, whereas a shorted emitter bypass would probably 
be indicated by thermal instability. Frequency instability 
would be directly traceable to the tank circuit components 
and connections. An unstable output amplitude could be 
caused by an intermittent open or short in the bias circuitry 
or by 4 poor connection to the transistor or supply voltage. 
Lack of supply voltage regulation would normally be 
indicated by amplitude changes rather than by frequency 
changes. 

Incorrect Output Frequency. Changes in distributed 
circuit capacitance or reflected load reactance will affect 
the frequency of operation to some extent, but can normally 
be ccrrected by resetting or adjusting the tuning capacitor. 
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Large frequency changes will be produced by changes of 
tonk circuit inductance caused by shorted turns or poorly 
soldered connections. At first glance it might appear that 

a shorted tuning capacitor would cause the frequency of 
oscillation to be determined by the inductance of the tank 
circuit alone (plus some distributed capacitance}; how- 
ever, for this condition oscillation could not occur be~ 
cause the shorted capacitor would short the collector volt- 
age through the tank coil L to the base, 


R-C OSCILLATORS 

Since semiconductor R-C oscillators are directly 
analogous to electron tube R-C oscillators, all of the in- 
formation in the discussion of electron tube R-C oscillators 
is generally applicable. The phase-shift oscillator is nor- 
mally used in the common-emitter configuration, but with 
the proper phase-shifting networks it can be used in other 
configurations. The Wien bridge oscillator is shown and 
discussed in the common-emitter configuration, but with 
proper circuit arrangements it can also be used in other 
configurations. 

Non-sinusoidal semiconductor R-C oscillators are con- 
sidered as relaxation oscillators and are discussed later 
in Sections 8 and 9 of this technical monual. 


R-C PHASE-SHIFT OSCILLATOR. 


APPLICATION, 

The R-C phase-shift oscillator is used to produce a 
sine-wave output of relatively constant amplitude and 
frequency. 


CHARACTERISTICS. 
Utilizes R-C network to provide feedback. 
Eliminotes need for inductors in resonant circuit. 
Output frequency is usually fixed within the range of 
15 cycles per second to 200 kilocycles per second, although 
the circuit can be arranged to provide an output which 
con be varied over a wide range of frequencies by 
changing R or Cy 


CIRCUIT ANALYSIS, 

General. A sine-wave output may be obtained from an 
oscillator using an R-C network in lieu of an L-C network. 
The R-C network determines the frequency of oscillation 
and provides regenerative feedback from the output circuit 
to the input. In the common-emitter circuit configuration 
for transistors, the signal between the base and collector 
is shifted in phase by 180 degrees; therefore, an additional 
180-degree phase shift is necessary to provide the correct 
feedback signal when returned from the output circuit to the 
input in order to sustain oscillations. The feedback signal 
of proper phase relationship is obtained using a network 
consisting of three equal R-C sections; each section pro- 
duces a 60-deqree phase shift at the desired frequency of 
operation. In the accompanying circuit schematic, the three 
R-C sections ate designated as Cl, Rl; C2, R2; and C3, 
R3. 
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R-C Phase-Shift Oscillator Using PNP Tronsistor 


Phase-Shift Network. The current in ¢ series circuit 
comprised of resistance and capacitance is determined 
the applied voltage divided py the sees impedance uf ii 


components ([= P }. Since a series R-C circuit exhibits 


Capacitive reac' 
by a specific Cade anu 2. 
by the relationship of resistance 
voltage drop oroduced across the fesystance 
by the current through the resistance and therefore leads 
the applied voltage by a given phase angle. 

For a vector analysis of the phase-saift network, 
to the discussion given for the electron tube R-C phase- 
shift oscillator. 

At least three R-C sections are required to provide the 
180-degree phase shift needed to produce a positive fin- 
phase) feedback voltage. The values of resistance and 
vapacitance foro three-section network are chosen so 
that each section of the network will provide a 60-deyree 
PASS sniit Se ine desi 


flequency. 


trequency, but the output irequency oun be 


range of fren 


cies Ww onroviding aan 4 


vale of sither @ ar C will 


tesistors in the pnase~snift network. 


decteased; this means ar 
be required to have a lesser deyree of phase shi it, per sec~ 
ton 80 that the overail phase shift of the network remains 


Tel frejuen 


900,000. 102 OSCILLATORS 
phase shift (per section) is reduced, many oscillators em- 
ploy networks consistiny of four, five, and six sections; 
assuming thot the values of R and C cre equal for each 
section, the individual sections are designed to produce 
phase shifts per section of 45, 36, and 30 degrees, respec- 
tively. 

Cireult Operation. The accompanying circuit schematic 
illustrates a PNP transistor 
figuration. Resistors Rl, f 
2, mi C3 comprise the ieedback and pnase-sniflt aetwotk. 
Resistors R3 and R4 establish base bics for the PNP tran- 
sistor. Resistor R5 is the emitter swamping resistor, which 
prevents large increases in emitter current and causes the 
veriation of emitter-base junction Ben ean to aaa small 
rercentaqe of the total emitter 2f 
U4 bypasses the emitter = 


- glaces the emi 
ivery pacces mn nit! 


AB i 


in Q commnon-euuiites con- 


wuuupiny i315 
anal qround votential. Resistor 


collector oad te: 


al is developed. Capacitor 7 
capacitor. 

Oscillations are startea py any random adise in ihe 
source or the transistor when input power is first 3 
to the circuit. 


Snes 
ampliliec chang 


chanye in the base current res 
ich is shifted in 
phase 180 4 r develoned across the 
tne collects: 2 turned to the tran- 
Sistor base as an ipa signal inverted i80 degrees py the 
action of the feedback and piase-shift network, making the 
Circuit regenerative. 

The cutput waveform is essentigily a sine wove; the 
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FAILURE ANALYSIS. 

No Output. Ail input voitages souls ce measured with 
an electronic voltmeter to determine whether the input vol- 
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Incorrect Output Frequency. The correct operating 

trequency of the R-C oscillator is determined by the circuit 

constants comprising the phase-shift network; therefore, 

if the output frequency is incorrect, it is likely that the 

phase-shift network components have chanyed value in 

such a manner as to permit a 180-degree phase shift to 

occur and sustain oscillations at the incorrect output fre- 

quency. 


WIEN-BRIDGE OSCILLATOR. 


APPLICATION. 

The ‘ien-bridge oscillator is used as a variable-fre~ 
quency oscillator in test and laboratory equipment to supply 
@ sinusoidal output waveform, with practically constant 
amplitude and exceptional stability, over the audio- frequency 
and low-radio frequency ranges. 


CHARACTERISTICS. 

Uses a bridge circuit to control positive feedback and 
produce oscillation at the 2-C frequency. 

Operates as a Class A linear amplifier. 

Employs negative feedback to control the output ampli- 
tude and to provide improved linearity. 

Frequency stability is excellent. 

Operates over a wide frequency range (10 cps to 200 ke). 


CIRCUIT ANALYSIS. 

General, The Wien-bridge circuit consists of a resis- 
tive element and a reactive element arranged in a bridge. 
The resistive element supplies an inverse (negative) feed- 
back voltage to the emitter, and the reactive network sup- 
plies a teyenerative (positive) feedback voltaye to the base 
of the same transistor. When the bridge is balanced (at the 
operating frequency), the positive feedback is slightly 
greater than the negative feedback and oscillation occurs. 
The operating frequency is determined by the R-C networks 
employed in the reactive bridge arm. To obtain the feed- 
back, two transistor amplifiers are used, each produciny a 
180-degree phase shift, or the total 360-deyree phase shift 
necessary for positive feedback to the base circuit. The 
negative feedback {s obtained by inserting a portion of the 
feedback into the emitter circuit of the input transistor to 
produce an out-of-phase or negative feedback. The opera 
tion of the bridge circuit and the development of the positive 
and negative feedback voltages are the same as described 
for the electron tube counterpart. 

Circuit Operation. The semiconductor Wien-bridge 
oscillator is shown schematically in the fiqure below. 
Except for bias arrangement, it is practically identical to 
the electron-tube Wien-bridge oscillator. 

Voltage divider base bias is used, with R2 and 
RS biasing Ql, and R7 and R8 biasing Q2. Temperature 
stabilization is provided by series emitter (swamping) 
resistors R4 and R9 (see Section 3, paragraph 3.4, for an 
explanation of this action). 

Resistors R3 and Ré form the resistive arm of the bridye 
across which the output of Q2 is applied; a portion of this 
voltage appears across Rd (DS-1) as a negative feedback , 
being in-phase with the emitter voltage. Resistor R4 


ORIGINAL 


900, 000. 102 OSCILLATORS 
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Wien Bridge Oscillator Using PNP Transistor 


(or DS-1 or RT-1) is either an incandescent lamp or a ther- 
mistot with a positive temperature coefficient. When a lamp 
is used, it is operated at a current which produces a temper- 
ature-sen sitive point (where resistance varies rapidly with 
temperature); when a thermistor is used, it is selected to 
have the desired temperature~current characteristic. In 
either case, the bias developed across this resistor is in 
opposition to the normal (forward) bias, and produces a de- 
generative effect. The feedback voltaye is of the same 
polarity as the degenerative bias and increases the degener~ 
ction. However, since the output of the voltage divider is 
not frequency-sensitive, the feedback voltaye is always 
constant regardless of the frequency of operation. At 
frequencies other than the frequency of operation the deyen- 
etative feedback predominates and prevents oscillation. 

At the frequency of operation, which is controlled by the 
bridge reactive arms consisting of Rl, Cl, and R2, C2 the 
positive feedback is a maximum. This in-phase feedback sig- 
nal is applied to the base and is slightly greater than the 
negative feedback at the balance point or frequency of oper- 


___|___ where R1 is equd 


ation which is given by: fo = 77a 


to R2, C2 is equal to Cl, and R3 is slightly greater than 
twice R4. 

The amplified output of Q1 is developed across col- 
lector resistor R6, and it is applied by capacitor C3 and 
base resistor R7 which form a conventional resistance- 
coupling network (designed for minimum phase shift), to 
the input (base) of transistor O02, The signal is further 
amplified by Q2, and the voltage developed across collector 
teststor R10 is supplied as an output through capacitor C5, 
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and, as a positive feedback through C4 to the bridge net- 
work. Note that the Q2 emitter resistor, R9, is not bypassed 
and that the circuit of Q2 is therefore degenerative. Note 
also that R10, C4, and C5 are designed to provide ¢ minimum 
amount of phase shift. Thus, with a highly degnerative 
two-staye amplifier and Class A bias, the output signal is 
essentially a pure site wave. Since the counling networks 
are atranged for minimum phase shili, the phase shift re- 
quired for regeneration is obtained from the inverting action 
of the common-emitter configuration, with each amplifier 
stage providing a 180-deyree shilt. The feedback input 
signal is thus shifted 360 degrees in phase to produce a 
regenerative (positive) feedback independent of circuit para~ 
meters, The reactive portion of the bridge (C1, C2 and RI, 
R2) determines the trequency at which maximum gull Geu- 
tion (and feedback) occurs. Resistor R4 (OS-1) controls 
the degenerative feedback and also the output amplitude; 
that is, when the input signal to Q1 increases, 
current flows through R4 (Uo- 1), and the lamp 
resistance increases, producing a degenerative 
which opposes the input signal, and tends to restore it to 
the original operating value by reducing the amount of 
amplification through the feedback loop. This oscillator 
then, with amplitude stability, temperature stabilization, 
and degenerative feedback to control the waveform, and 
with an RC frequency-selective circuit to determine the 
frequency of operation provides a signal of excellent 
stability and pure waveshape for test applications. In 
order to Pentre the frequency, either resistors Rl and R2 or 
capacitors C1 and C2 ate chan fn volue or made variable. 
With a two-gang variable capacitor and a selector switch 

(or fixed and variable resistors), a continuous ranye of 
frequencies over a number of bands may be outained. 


FAILURE ANALYSIS. 
No Ousput. If the feedback loop or the coupling net- 
work between stages is open because of a defective (open) 

component or if the supply voltaye is too low the circuit 
will not oscillate. Also, if the coupling capacitors are 
short circuited, tne circuit will not ov: 
bias circuits will apply an abnormal bias to i a: 


for example, with C4 shorted the emitter of Qi will be 


negatively biased and stop oscillation; with, 03 shorted the 
bias will be provided by the parallel combination of Rf 

and 8 in series with R7 and most likely will be too iarge 
to permit operation, Tt the 44 or 


will be disconnected from the cir 
Will HOt OpeTale. A Tesistan 
check of the circuit with a Sigeeimpesen 
SNGuid Quickry delet ‘. 

Reduced or Unstable Output. An intermittent SPEC 


in ony of the bridge reactive network parts wil 


e the trequen eration and co 
Poor contacts in band switches wii aiso cause instability. 
When the output is reduced, it is logical to suspect that a 
defective component in the positive feedback loop ts pef- 
mitting the degenerative action to predominate. Since some 
positive feedback is r equlies to maintain even a weak oscil- 
ition, the reduced output « 


erase a5 oo in thic lo. 
because an open in this loop ¥ 
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of the transistors with age or reduced output because of 
lack of emission as in an electron tube would be the least 
likely cause of reduced output. Norma! aging of the tran- 
sistor will have little effect on oscillation since operation 
is over only a smal] range of amplitude and only small 
currents are involved. In the event of damage to the tra 
sistor, by the application of improper bigs or by the Seti 
of ohmmeter voltages and polarities that exceed the 
transistor rating (through poor testing tecnaiques) reduced 
of no output will occur, but this type of trouble is due to 
factors external to the circuit and normally should aot hap- 
pen. The supply voltage should be checked for the rated 
output voltaye because a low supply vultaye could rei 
affect the oscillator output, 

y. Where the frequency of opera- 
tion differs from the origina! cafioration, tie Cuuse aight 
be the aying of circuit parts 

ond © in the reactive arm of the stidgye or possisly pour 
switch contacts, Any large chanue ot frequency wnich 
Cannot be compensated for by retrimminy or recalibration 
is most likely due to defective parts in the frequency arm 
of the bridge (Cl, C2, Al, 82). If the frequency chanye is 
linear, the resistive parts should be suspected; if itis nor 
linear, the capacitive parts should be suspected, The cir- 
cuits of Ql and Q2 would not effect any frequency changes, 


hag chanyes in value of R 


ELECTROMECHANICAL OSCILLATORS. 

The discussion of electron-tube electromechanical 
oscillators is also generally applicable to semiconductor 
electromechanical oscillators. While the magnetostriction 
type cf electromechanical osriliator cun be used with semi 
conductors, at the present state of the art it has not found 

much apphe sj therefore, the nin this section 
1s limited to quartz crystal-controlled semiconductor ose{l 
lators. Although the quartz crystal and the semiconductor 
(transistor) are both solid-state devices, there is no direct 
telationship se far as Bias 
effects are concemed. ‘The trequency stability of the 
quartz crystal is derived from its basic mechanical vibra- 
ton, and due to the nieznelectric effect, we have a means 
for controlling the vibration, and hence for controlling the 
electtonic circuit. The quartz cryst o enhance the 
mechanical vibrating ornnerties at a specific frequency; the 
trdnsistor is Cut to a convenient, economicai size, und has 
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The chief differences in operation are the effects on feed- 
back and the circuitry used for the effective feedback con- 
trol, 

Like the self-excited semiconductor oscillator, the 
erystal-controlled semiconductor oscillator also has circuit 
configurations similar to those in the electron-tube field, 
but none so well known by name as the Miller and Pierce 
circuits. Therefore, the circuit discussions are identified 
primarily from a functional standpoint rather than by name. 
By the principle of duality, most of the electron-tube circuit 
configurations have duals in the semiconductor field. Since 
there are numerous circuit variations now in use and the 
state of the art is such that changes occur constantly, the 
circuits have been classified into three arbitrary qroups 
and a circuit typical of each group will be discussed. 

The first group, known as the trensformer-coupled group, 
includes those oscillatots using mutually coupled separate 
coils to provide feedback. The oscillators in this aroup 
have the advantage of extreme flexibility. They can be 
used in either CB, CE, or CC configurations, since polarities 
and impedances can be completely controlled by the number 
of tums and directions of the windings. The second group 
uses a capacitive voltage divider and is called the Cotpitts- 
type crystal oscillator, The third group is the overtone 
group, which generally uses a tuned tank with ¢ tapped 
coil in a Hartley type feedback arrangement operating at a 
desired harmonic or overtone. In any of these circuits, 
series or parallel resonance of the crystal moy be employed. 
However, since the transistor is a low-impedance device, 
operating with relotively low voltage and high current, it 
conveniently lends itself to the use of series mode crystal 
operation, using only one stage instead cf two stages as is 
necessary in the electron-tube circuit. 

Because the transistor is basically a low-power device, 
it minimizes problems of heating and over excitation, which 
often cause crystal shattering in the power-tube oscil- 
lator. Thus, frequency changes due to thermal effects 
within the crystal are usually negligible, and ambient 
temperature changes are more important. For extreme stabi- 
lity, temperature compensation is necessary, particularly 
since the transistor itself is temperature sensitive and 
generally requires compensation, At normal room tempera- 
tures (or lower}, and with average low-temperature or zero- 
temperature coefficient crystals, the transistor crystal 
oscillator is stable enough for average use without com- 
pensation. At higher temperatures, compensation of the 
transistor, if not the crystal, is necessary in most cases, 

D-C stabilization (biasing) methods as discussed in 
Section 3 of this handbook are used in crystal oscillators, 
as well as self-excited oscillators, to insure that variations 
of emitter and collector valtages and currents do not cause 
parameter changes. The use of this form of stabilization 
generally results in more power being consumed in the 
biasing circuits then in the basic oscillator. 

Tn consiéering output requirements, we find that the 
oad is generally in shunt with the crystal or the tuned 
tank circuit; as a result, increased power output usually 
affects the frequency stability by degrading the Q of the 
resonator or increasing the effective coupling impedence 
between crystal and feedback circuit. Or, as in self- 
excited oscillators, the less the output required, the more 
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stable the frequency, and the less load changes affect the 
circuit. For ali ordinary purposes, the good mechanical 
stability of the crystal resonator makes it almost free irom 
the effects of load changes, particularly if the collector 
voltage is requlated. 

Good crystal oscillator design requires the use of low- 
impedance coupling between the oscillator ond resonator, 
the use of either resistance stabilization (in the form of 
series resistance in the emitter and collector circuits) or 
teactance stabilization, regulation of supply and bias 
voltages through the use of Zenet diodes, and temperature 
control of both the transistor and the crystal. 

In the following circuit discussions, the external feed- 
back type of oscillator is discussed. However, it is 
possible to use the inherent negative resistance of o tran- 
sistor to provide oscillation. In this case, a tuned or high- 
impedance circuit is employed in the base-emitter circuit, 
and the crystal provides o low-impedance (series) feedback 
connection resembling the Miller and Pierce electron-tube 
circuits, as shown in the accompanying illustration. These 
types of oscillators {primarily used with point-contact tran- 
sistors), however, ate dependent entirely upon the transistor 
parameters since the feedback is entirely within the tran- 
sistor and varies with each one. Such circuits are consider- 
ed undetsirable, except for special applications; they have 
been mentioned only for general information and will not 
be discussed further. 


EMITTER-COLLECTOR CRYSTAL 


Basic Negative-Resistance Type Oscillators 
TICKER COIL FEEDBACK CRYSTAL OSCILLATOR. 


APPLICATION. 

This oscillator is used to provide an approximate sine- 
wave t-£ output that is extremely stable under crystal con- 
trol, and operable over the low-, medium-, and high-frequency 
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t-franges. It is universally used where a transistor oscil- 
lotor is required; typical applications are local oscillators 
in receivers and heterodyne converters and oscillators in 
test equipment. 
CHARACTERISTICS. 

Uses piezoelectric effect of o quartz crystal to contre! 
escillator frequency. 

Uses a feedback (tickler) coil to pro 
phasing for oscillation and contro! of regenerction. 

Usually has the primary coil tuned to the crystai funda- 
mental frequency, with the secondary (tickles) coi] being 
untuned, Not restricted to a particular contigurct: 
may be CE, CB, or CC as desired 

Can operate on a fundamental 
trequency if proper tuned ci: 
CIRCUIT ANALYSIS. 

General. The semiconductor tickler col crystal osci 
tor is basically ct coupled osciliator. it me 
either tuned or untuned, i 


ide the prover 
ide the prope! 


portigily tuned L 
. When the circuit is tuned, it is 
possible to operate the crystal on a fundamental frequency 
and tune the tank circuit to a harmonic, thus obtaining fre- 
quency multiplication, or to use overtone crystals for the 
same result. Like the electron-tube crystal osciliat 
may be crysta!-stabilized or crystal-controlied. H: 
this circuit discussion will be restricted to the crystai- 
controlled type of oscillator. The ecse of obtaining the 
feedback and controlling it makes the tickler coi! teedback 
circuit popular. Since the polarity of each coil with respect 
to the ather is easily chanaed by reversing the windings 
(at the time of manuizcture), an 
made tight by spacing the coils close together, cr | 
spacing them apart, :t is ecsy tc cotcin 
and polarity (or phasing) of feedback 
inductors to provide a low d-c resistance, the d-c resistance 
losses are minimized, and more output is optained from the 
circuit with better efficiency. Since the trans. 
a certain amount of stabilization aqainst dias and tempera 
ture changes, it is usually necessary to add stapiization 
TesiSlors of reactances. 
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of the crystal or choice of circuit configuration does not 
materially change the basic stability, but that it does affect 
the power cutput and efficiency of operation ta some ex- 
tent. 


Since the crysta! power osclilctar practically does not 
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Common-Emitter Circuit 


recatled that the inputs and ouipuis uf the common-collector 
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to base thronah the crystal which 1s paccise with) the 
initial noise pulse. Thus, as the emitter current increases, 
the collector current also increases, and eddit. ‘eed- 
back through Li ond L2 further increases the emitter cur- 
rent, until it reaches s-tturation for the collector veltage 
bottoms) cnd cun no longer increase. When the current 
stops changing, the induced feedback voltage is reduced 
until there is no lonaer any voltage fed back into the base- 
emitter circuit, At this time, the collapsing tield around 
the tank and tickler coils induces ¢ reverse voltage into 
the base-emitter circuit which causes a decrease in the 
emitter current, and hence a decrease in the collector 
current, The decreasing current then induces a reverse 
voltage into the feedback loop, driving the emitter current 
to zero or cutoff. At this time a small reverse saturation 
current (IcEo) flows, representing o loss of efficiency, 
but having no other effect on circuit operation. The dis- 
charge of tank capacitor C through L» then causes the 
voltage applied to the base-emitter circuit to rise from a 
teverse-bias value through zero to a forward-bias value. 
Emitter and collector currents tiow, and the previous action 
Tepeats itself, resulting in sustained oscillations. 

While this oscillatory action is going on, piezoelectric 
action occurs in the crystal; that is, as the feedback velt- 
age is increased, the strain on the crystal is x 
with maximum strain (and maximum crystal deform 
occurring at the peak of the cycie. Upon reversal of the 
feedback voltage the strain on the crystal is reduced; since 
the crystal is now changing shape back to its original form, 
a piezoelectric charge (potential) is produced across the 
crystal. This charge is opposite to that which produced 
the deformation of the crysta!. For example, !f the criginal 
chatge which caused the detormaticn was positive, the 
crystal causes a negative potential to appear across itself 
when the strain is released. This potential is in the 
direction of the feedback (decreasing) so that alternate 
positive and negative charges are induced across the 
crystal as it vibrates. These potentials add to the feedback 
voltage; as a result, the crystal enhances the feedback, 
and the feedback increases the strength of the mechonical 
vibrations, 

Since the feedback and piezoelectric action are reyen- 
erative, the transistor quickly reaches its saturation and 
cutoff points. By correctly proportioniny the turns and 
coupling between the tank circuit and the tickler coil, it 
is easy to obtain the proper amount of feedback, although 
with the low potentials invoived there is ne canger of 
fracturing the crystal as in the vacuum-tube oscillator. 

The amount of feedbock is adjusted to produce maximum 
stability. The crystal current is not nearly cs great as 

the crystal current in an electron-tube circuit; in fact, the 
total transistor collector current is usually less (depending 
on the type of transistor) than the electron-whe crystal 
current, 

Although the collector-emitter capactterce ct the tran- 
sistor is in parallel with the tank circuit, the use of a low 
L/C ratio (high-C) produces effective capacitance swamp- 
ing so that variations in the co.iector supply veltaae, which 
produce a change in this capacitance, ave a minimal 
effect, For good stabilization, a Zener diode placed 
across 


upply provi 
supply provide 


ent regulation. 
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carefui design, the short time stability of the semiconductor 
crystal oscillator can be mode as high as 2 or 3 parts in 

ten million, which is better than the stability of the 
equivalent electron tube oscillator. The power output is, 

of course, very small; however, this fact increases the 
stability since any change of output load or tuning results 
in a smaller over-all change. Thus, the frequency stability 
of the circuit is less affected by load chonges than that of 
the electton-tube (triode) circuit. The output may be 

taken trom the emitter or collector, or even the bose 
circuit, by means of either capacitive or inductive coupling. 

The circuit operates at the natural or fundamental fre- 
quency ot the crystal] for the series mode; hence, the 
operating frequency is slightly lower than the tank resonant 
frequency. It is also possible to operate this circuit using 
the parallel mode (antiresonant operation) of the crystal 
by proper choice of circuit parameters. Although the 
crystal offers a high impedance at the antiresonant fre- 
quency, sufficient teedback can be obtained to sustain 
oscillation in this made. In this case, the crystal appears 
as a high-Q inductor which is tuned by the total shunt 
capacitance (self, stray, and distributed) across it, and 
the tank is tuned to a higher frequency. This type of 
operation is particularly applicable to the higher frequen- 
cies, where the shunt crystal capacitance is appreciable. 
For operation in the parallel mode, the frequency stability 
is slightly degraded and the output is slightly less than 
the output in the series mode. Both types of operation are 
in use. 

Bias and Stabilization. In practical circuits, bias and 
stabilization are usually combined. Fics is usually pro- 
vided by a fixed voltage divider (R1 and RB}, os shown in 
the accompanying illustration of a typical tickler coil 
crystal oscillator. Note that the base in this case is not 
bypassed for rf, although in some circuits it may be. When 
it is unbypassed, there is presumed to be a slight amount 
of degeneraticn, which enhances the circuit stability. 


Tickler Coif Tuned Collector Crystal Oscillator 


Collector resistor Re serves two purposes, to drop the 
collector voltage and to provide resistance stabilization. 
Tf the d-e losses are sericus, the resistor can sometimes 
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be repiaced by an r-f choke. Emitter resistor Re, which is 
bypassed by capacitor C2, provides the major stabilization 
by emitter swamping action, as explained in Section 3, 
paragraph 3.4.2, of this handbook. The tank circuit con- 
sists of L] tuned by C1, with tickler coi! L2 untuned, and 
is coupled to the collector through C3 in a shunt-feed 

The crystal is in series with the feedback 


@ tickler coi! nolsrized so as to prod 


coil polsrized sc as 


regenerative feedback. In similar circuits of this type 
using the tuned base configuration, the crystai is connected 
directly between base and collector, and the tonk between 
base and ground. dh this ere the oper 
to the operation oj 

the feedhack is fees 
between cuss utd cot 
uitable for the paralle! mode of operation. 

‘Vaking the output across Elie tank Sno cOpuciiuy 


lescribed a 


2 
‘on of the tark circuit. Hithout the 
tank eitoulty: since the oscillations consis: essentially of 
clipped pulses, the waveform would be quite distorted 
unless the circuit were operated with class A bias. The 
class of cperation is usuclly ciass C, with the emitter 
resistor and capacitor (ReCZ} acting similar to 2 grid leak 
in tube oscillctors. in the circuit snown, the initial bias 
is class A for easy starting, with the operating bias bein 
determined by the values of the emitter RC circuit. With 
large values of capacitance for C2 fixed bias alone is pro- 
hut as the capacitance is Np aaa toa small value 
{-bius developed o ie 


FAILURE ANALYSIS. 
Mo Output. Ln sac (G failure uf the wunsioter, ne 
collector voltage or excessive bias can cause 9 no-output 
condition. Transistor fellre is not very likely under 
nornial conditions, ané the wonsistor d 
only after all other checks have been made, Lack ah 
collector voltage can occur because ot opening of the 
erties collector resistor 2 of short-circuitina of the tank 
sulin capacitor, . provide: 
fe tank inducior. x ooen emitter resistor wi 
ut, 8 chartecirenited saynling capacitor will 
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is a possibility that the crystal is dirty and requires 
cleaning; hcwever, this condition is not very likely to 
oecur in sealed holders, and certainly wil! not occur in 
evacuated holders. Do not attempt to clean the crystal 


yourself. Return it to the crystal laboratory for servicing. 
Substitute o crystal to be good for the suspected 


elf is at foult. 
incorrect or Unstobte Frequency, Flace: of the 
equipment so that it is subjected to a change in ambient 
temperature will cause 2 change in frequency if the change 
is not within the range of the temperature cheracteristic 
vstel is cut. Likewise, smali capacitance 
anges in the crystei circuit (particularly when the crystal 
) the parallel resonent mode) will cause 
requency. Detuning of the tank eifcuit, 
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v Voltaa 
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fght change in frequency. 
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oscillation at undesired 
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crystal-controlled circuit they cannot cause tis, effect 
because the circuit can oscillate only over a very narrow 
range about the resonant frequency or at an overtene, This 
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osetliqtes with the civsial £ ne crysiu Mul 
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CIRCUIT ANALYSIS. 

General. The Colpitts type crystal oscillator is usually 
used at the higher radio frequencies where the difficulty 
of tightly coupling the inductors in the inductive feedback 
circuits makes their use problematical. Actually, the 
so-called Colpitts version uses three basic feedback 
arrangements: (1) the external capacitive voltage divider 
with the crystal in shunt (or in series), (2) the crystal 
acting as ¢ high-Q tank inductor similar to that in an 
ultraudion arrangement (parallel mode operation), and (3) 
the in-phase capacitive feedback arrangement, which is 
included in the Colpitts group solely because the feedback 
is capacitive (some texts may not regard this as a Colpitts, 
but as a special type of its own), The basic circuits of 
each type are shown in the accompanying illustration. 


External Voltage Divider Arrangement 
(Paralle! Mode) 


vl 


o, 


Ultraudion Arrangement 
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Basic Capacitive Feedback Circuits 
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Part A of the illustration employs the common-emitter 
configuration, and parts B and C use the common-base 
configuration. Actually, the circuit of part 3 con also use 
the CE configuration, and that of part C can use only the 
CB or CC arrangements, becouse the feedback must be 
between elements of the same phase or polarity. In the 
case of part C, the circuit is unique with semiconductors, 
since in electron tubes there is always a polarity inversion 
between input and output ‘except when used as cathode 
followers). The circuit of part 8 is analogous to the 
Pierce electron tube crystal oscillator. 

For maximum power output, the input and output resist- 
ances of the transistor should be matched as closely as 
possible; this requirement accounts to a great extent for 
the numerous variations in circuitry, since it is usually 
possible to use any of the three basic circuit vontigurations 
ond to ground any element. ‘Nith the crystal determining 
the frequency stability of the circuit, it is only necessary 
to arrange the proper polarity of feedbock and provide a 
small amount of excitation to start the crystal oscillating. 
Although in a few cases the phase relationships within 
the transistor may require tight coupling to provide oscil- 
lation, it is usually easier to obtain stable crystal oscil- 
lations than to obtain stable self-excited oscillations, 
because of the assistance of the piezoelectric effect. The 
Colpitts semiconductor crystal oscillator, like its electron- 
tube counterpart, is usually c vigorous oscillator in the 
high-frequency range. However, the use of a quartz crystal 
does not extend the maximum frequency of oscillation, 
although it sometimes does provide better performance in 
the region between the alpha cutoff frequency and tmax. 
Thus good design makes it mandatory to use @ transistor 
capable of oscillating strongly in the desired radio 
frequency region of operation regardless of crystal control. 
Although there are a number of circuits in use, there is not 
much evidence at the present state of the art thot the 
Colpitts is much (if any) more stable than the tickler coil 
crystal oscillator. Its main use is to improve operation at 
the higher frequencies. 

Circuit Operation. A typical common-emitter Colpitts 
circuit using the external capacitive divider feedback 
method is shown in the accompanying schematic. 


ewes 


Untuned Colpitts Crystal Oscillator 
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Voltage divider bics is used for easy starting and is sup- 
plied by Rl and Rp, with Re providing emitter swamping 
resistance for stabilization of the transistor. Feedback 

is provided from collector to ground, With the base effec- 
tively bypassed by C3, the capacitive voltage divider 
consisting of C1 and C2 is effectively connected between 
and base for rf. Both feedback divider capacitors 
cre variable to permit adjustment and control of feedback. 
Capacitor Cl also serves to bypass rf around emitter 
swamping resistor Re. Capacitor CZ is the primary feed- 
pack control, and is usually made variable to facilitate 
operation with more than one type of transistor and crystal. 
The crystal is connected between the collector and ground 
and operates in the paraile! mode. The collector is $ 


nthe 


re 
COLE 


fod thaw 


Llane conventivnul Lypuss api 
C4. The output is taken capacitively through Cee from the 


Sepends upon the action of the v 
of Cl and C2. hat the © 


on. With fixed class A bias supplied by 
divider R21, Re, collector current flows, and a voltage 
appears ocross the Cl, C2 divider. The voltage appearing 
across Cl is in porallel with emitter resistor Re. Assume 
that a noise pulse caused by thermal action in the transistor 
causes the collector current to increase. A portion of the 
noise pulse voltage is then fed back through C2 to the 
emitter, causing the collector current to increase further 
tive action). At the same time, this 
rgltage at the collector also appears 
Ty ystal is slight! ined 


ight 


electrostatic strain across the crystal begins to reduce as 
capacitor C2 discharges (the heavy current flow from 
collector ta emitter effectively shunts the capacitor}. 
Thus, the emitter to qround voltage is reduced, the forward 
bias is reduced, and the collector current starts to fall. 
This action is aiso regenerative, and the transistor 
quickly reaches cutoff. As the collector current reduces, 
the voltoge across the crystal approaches that of the 


(becomes more negative), and the crystal is now strained 


in the opposite direction. As a result, as each cycle of 
this action continues, the crystal oscillates at its parallcl- 


resonant frequency 


qe ocross if, once startec i 


Since the crystal 


ro cecitlate 


Sir 
collector to groun 


fectively reinforced by the ensuing pulse 
ot collector current, and during the a mconducti 
of the cycle, it supplies wha! would otherwise be the 
missing hali-cycle of osciliction b, flexing in the reverse 
direction. Emitter resistor 4m and capacitor Cl form an 
co that of the electron 
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handling the power developed, since if driven too hard it 
will fracture. However, at the normally low milliwatt outputs 
obtained with transistors, this is no problem. It does indi- 
cate, however, that the transistor crystal oscillator 

requires additional stages of amplification to produce the 
came r-f drive as an electron tube crystal oscilluter. 

A typical Colpitts crystal oscillator of the ultraudion 
form is shown in the tollowing uilustration and way be 
compared with the basic version. This circuit is onalogous 
to the Pierce type crystal oscillator, and is more easily 
recognizable because the ctystal is connected directly 
between collector and base. The common-emitter con- 
figuration is also used in this version, and feedback is 
provided directly through the crystal. Voltage divider 
eines A hias is obtained by means of 1 and Rp for easy 
starting, wlth emitter swomping veiig povided sya; 
bypassed by C2. 


OUTPUT 


Ultraudion Colpitts Crystal Oscillator 


The output is taken capacitively from the collector 
ciroult through Coc. In this instance, C3 is a variable 
control which permits adjustment for feedback and tran- 
sistor variations. Both this circuit and the Pierce electron- 
tube circuit operate almost identically. The feedback 


network appear to be in the base circuit, rather than the 


version (the emitter-collector capacitances 18 much larger 


at avagr 


ector capacitance), the u 


eg 
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tends to be opel © frequ 
capacitive-divider circuit. Also, phase shifts within the 
transistor due to transit time etfects are such that they 
aid in producing the correct feedback polarity. 

cle of operation. Assume that 


illustrated above, 
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plate. When the collector voltage is applied, since the 
circuit is fixed-biased for class A operation by voltage 
divider Rl, Re, collector current Slows similarly to that in 
a conventional amplifier. With the base connected te one 
plate of the crystal and the collector connected to the other 
plate, when one plate is negative the other plate will be 
positive. This is the same condition as when the crystal 
produces a piezoelectric voltage; it is also the same as the 
polarity for base-collector operation in the common emitter 
circuit (base polarity is opposite to collector polarity). 
Therefore, the instant the collector appears negative at 
turn-on time, the piezoelectric voltage actoss the crystal 
causes the base electrode to be positive; this small posi- 
tive voltage, in turn, causes d reduction in I, , producing 
a decrease in collector current. Thus, the collector voltage 
(of a PNP transistor) becomes more negative. This action 
is regenerative, and quickly drives the collector to cutoff. 
During this time the crystal is being deformed in the same 
direction. During cutoff a small Iceo current flows which 
only atfects the efficiency of the circuit. Since the value 
of Icrois steady, there is no change in feedback from the 
collector. Meanwhile, the smail charge developed on C2 
by the flow of emitter current through Re leaks off, reducing 
the emitter bias and permitting the class A bias to again 
cause normal current flow. The increase in collector 
Current now causes a reduction in collector voltage, in 
effect producing a positive swing. The crystal now changes 
polarity and flexes back toward its original shape. As a 
result of piezoelectric action, a negative charge now 
appears on the base electrode. This causes a further 
swing of collector voltage in the positive direction (this 
action is also regenerative), and at full current flow the 
crystal is equally deformed in the opposite direction. At 
this time the flow of I, is again steady (corresponds to 
saturation current flow with self-bias). Since the emitter 
current flow through Re produces a bias voltage, C2 now 
charges and the emitter bias is added to the fixed bias. 
Once again the collector current is reduced by the increas- 
ing bias, and the cycle repeats. Thus, in flexing back 
and forth in accordance with the changes in collector 
voltage, the crystal is caused to oscillate; in turn, it 
produces an in-phase piezoelectric voltage which enhances 
circuit action. The crystal oscillates at some frequency 
between that of series and parallel resonance. Actually, 
the phase shift of the feedback voltage from collector to 
base, which is necessary to produce oscillation, is produced 
by the crystal acting as a high-Q inductor which produces 
an initial 90-degree shift. An additional phase shift is 
caused by the base-emitter capacitance, which is sufficient 
to cause an effective feedback large enough to overcome 
any of the resistive losses in the circuit. Thus, continuous 
oscillation under control of the crystal is assured. Al- 
though the basic oscillation consists of distorted pulses 
of collector cuttent, the effective tank circuit action of 
the crystal helps smooth out these pulses into dpproximate 
sine-wave oscillations. The output is token through coupl- 
ing capacitor Cee, and appears as a resistive load in 
shunt from collector to ground. 

The common-base arrangement of the Colpitts crystal 
oscillator using in-phase capacitive feedback is shown 
in the following illustration. Voltage divider bias is sup- 
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plied by Ri and Rp, and the base resistor is bypassed for 
rf by C2. Emitter resistor Re, which is bypassed by Ce, 
provides conventional swamping of the emitter circuit, and 
Re provides resistance stabilization in the collector cir- 
cuit. The crystal is connected between collector and 
ground, but is effectively connected between the collector 
and base for rf by means of C2. The output is taken 
capacitively from the collector (across the crystal) through 
Gees. 

Since the emitter and collector in the common-base cir- 
cuit are of the same polarity (in-phase), feedback is 


( Sace 


OUTPUT 
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Colpitts Common-Base Crysta! Oscillator 


obtained by using C1 to apply a portion of the collector 
voltage to the emitter. 

Now consider one cycle of operation. Fixed class A 
bias is supplied by voltage divider Rl, 8g. When 
collector voltage is applied, Q1 conducts as in a conven- 
tional amplifier. Assume that a noise pulse occurs in 
the base circuit, which causes the collector current to 
increase. The voltage drop across collector resistor Re 
appears as a positive-going pulse, which is applied through 
Cl to the emitter. This increase in emitter bias is in the 
forward direction, causing a larger flow of collector 
current. Thus, a regenerative in-phase feedback exists. 
The positive-going noise pulse is applied to crystal Y, 
which is in shunt from collector to ground, causing the 
crystal to be distorted in one direction by piezoelectric 
action. When the collector voltage bottoms (becomes 
almost zero), no further feedback occurs and the crystal 
flexes in the opposite direction. By piezoelectric action 
the crystal polarity is now reversed and a negative charge 
appears at the grounded electrode. Since the base is 
connected to ground through C2, the base now has a 
negative voltage applied and thus operctes to reduce Ic. 
Asthe collector current reduces, the drop across Re 
becomes negative-going and approaches the source valtage. 

The feedback through capacitor Cl is also negative 
and reduces the forward emitter bias, causing a still 
smaller I¢ to flow. This .ction is also regenerative and 
continues until cutoff is reached. At this point a 
small flow of reverse current (Icro) exists, but it has 
no effect other than to reduce the over-all efficiency of 
the circuit. Once the feedback stops, there is no further 
change in current, and Ce (which was charged negatively 
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during this half-cycle) starts to discharge through emitter 
resistance Re. ‘hen the emitter voltage drops to a value 
which again starts I¢ flowing, a positive-going voltage is 
produced across Fc, and a positive voltage is again fed 
back through Cl, and the cycle reveats. Di 
time the crystal is now flexing in the opposi 
and the polarity acros 

ctystal-induced piezoelectric voitage is in pnase with 
the coliector-base voltage. Actually, the crystal ccts es 
a tank circuit, smoothing out the rough pulses of current 
jnto approximate sineé-wave variations. By appearing as 
 high-Q inductance, the crystal insures thet the proper 
feedback phase relationship is maintained, and, since 

3 a low-lo feedback through Tl need only 
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made to reach the reyiun of & en for/best 
efficiency, as in reguiar 31) 
tixed class A bios makes ceticin that start 
easily. The output is tcken from across the crystal 
through coupling capacitor Cu. Therefore, the load is 
in shunt with the crystal and tends to reduce the output 
somewhat as in the electron-tube Pierce circuit. 

Circuit Variations. Secouse the Colpits crystal 
circuit has so many variations, a few representative 
circuits are shown in the following illustrations to 
facilitate identification of this type of circuit. Parts 
ate labeled os in previous iilustrations where they serve 
whe sue fans 
basic differences between these circuits and those con- 
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the proper feedback polarity, and the capacitances of Cl 
and C2 together with L1 form a tuned tank circuit which 

is resonant te the crystal fundamental (series-resonant} 
frequency. The input and output impedances of the tran- 

by the proper capacitance ratios, 
producing the same effect as though the collector were 

t 


ped neross Li. The output is taken between the tap 


d ground, that is, across the crystal. This type of 
= 


use of a tuned tank helps provide a good waveform and 
permits frequency doubling or the use of an overtone 
crystal. 


=¥ec 


OUTPUT 


fy 


aes ta 


Grownded-Collector Colpitts Crystal Oscillator 


A qrounded-collector common-emitter version in which 
divider and crystal cre loccted in the base 
circuit is shown above. Conventional voltage divider 
biasing cnd emitter swamping are used for stablization. 
The collector is grounded for rf by C3. Thus in effect 
the crystal is connected between base and collector 

i c@ grounded-plate electron-tube version. 
Kowever, the crystal, although isolated from collector 
voltage, is still subject to the small bias voltage from 
Feedhack is provided through capacitive 
y control of feedback being 
acitor 71 is ised to tune (match) the 
he tay and ground. This 
© 2 iow output impedance suituble 
The HFC is used to keep the 
emitter ahave qround: otherwise, te i0aa or culpul 
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Inverse Feedback Crystal Oscillator 


through Re and L;. The basic feedback path is through 
the capacitive divider, Cl and C2, and the secondary 
feedback path is through L, via Re. Placing the tap at 
the lower end of L produces regenerative feedback, and 
placing it at the upper end produces degenerative feedback, 
because the polarization of the collector is opposite that 
of the base. Thus, by placement of the tap, the feedback 
can either enhance oscillation by regenerative action or 
stabilize operation by degenerative action. The possi- 
bility that unwanted resonances of parts in this circuit 

may tend to cause free-running operation makes this 
version of dubious value. With the output being taken 

from the collector, it is more likely that the feedback, 

tap provides better input and output matching to the 
transistor, similar to the tapped collector circuit previously 
mentioned, 


FAILURE ANALYSIS. 

No Output. In tuned circuit oscillators, the loss of 
output can be due to improper tuning. Also, a defective 
crystal will prevent operation, in either tuned or un- 
tuned circuits. A suspected crystal can easily be check- 
ed by the substitution of a crystal known to be good. A 
simple resistance check will indicate continuity and 
general parts condition. A defective bias resistor 
producing a high bias voltage {in the divider arrange- 
ment) can prevent starting, and will be made evident 
by a resistance or voltage check. An open bias arrange- 
ment can prevent operation by causing a lack of bias, or 
by causing excessive intemal bias due to feedback within 
the transistor. An open t-f choke, collector resistor, or 
coil will also stop operation. A shorted coil in the tuned 
circuit can stop oscillation, but the short will not be re- 
vealed by a resistance check. This condition is checked 
{after all other components have been eliminated from 
suspicion and a crystal known to be good has been sub- 
stituted) by grid-dipping the tank for resonance, A defective 
transistor should be suspected only if all other parts 
check satisfactory and bias and supply voltages are 
normal. 

Reduced Output. A low supply voltage or increased 
collector resistance can cause a reduction of output. 

A reduction of bias from class B or C to class A will 
also result in reduced output. Both of these conditions 
can be determined by a simple voltage check, preferably 
with a vacuum-tube voltmeter or a high-resistance volt- 
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ohmmeter. Reduced crystal activity, due to aging or 
semi-fracture, or a dirty crystal can also be a prime 
cause. In thiscase, substitution of a crystal known to 
be good will restore normal operation. A change in the 
value of the emitter swamping resistor ot bypass capacitor 
can cause excessive bias, and consequent squegging or 
motorboating due to intermittent blocking of oscillations. 
In circuits designed for the higher frequencies, changing 
the lead dress or parts wiring during repair may change the 
distributed wiring capacitance sufficiently to detune the 
circuit and cause a reduced output. In the tuned tank 
versions of this circuit, reduced output can also be caused 
by a high-resistance tank circuit connection or a shorted 
turn. 

Incorrect Frequency. A defective or dirty crystal 
can cause an abrupt change from one frequency to another; 
this con sometimes be corrected by adjusting the tank 
tuning, if an adjustment is provided. Aging of the 
crystal can also cause a slow change over a long period 
of time; this change can sometimes be compensated for 
by means of a small trimmer capacitor, if the frequency 
is higher than normal. (Do not add an unauthorized 
modification to accomplish this. In most circuits a trimmer 
is included to permit calibration to the exact frequency 
for which the crystal is ground.) Failure of the collector 
supply regulation (as well as the bias supply regulation) 
can cause the effective element capacitance of the 
transistor to change and cause slight off-frequency 
operation. In this case, check the supply voltage with 
a high-resistance voltmeter and observe whether there 
are occasional fluctuations of the voltage when the 
crystal is suddenly removed from its socket and re- 
inserted into its socket or when the load is suddenly 
removed and replaced. If all components check normal 
and trouble is still present, the crystal is probably 
defective. 


OVERTONE CRYSTAL OSCILLATOR. 
APPLICATION. 


The overtone type oscillator is used as an oscillator in 
receivers, converters, frequency synthesizers, and test 
equipment, and as an exciter in low-power transmitters. Its 
use is restricted to the high-frequency ranges (above 20 mc) 
where fundamental mode crystal operation is not practicable. 


CHARACTERISTICS. 

Uses piezoelectric effect of a quartz crystal operating 
on an odd overtone to provide stable high-frequency oscil- 
lations. 

Has at least one tuned circuit at overtone frequency and 
may have two; it is never untuned. 

Operates class C to help produce harmonic operation. 

Regenerative feedback is usually provided through a 
tapped coil (Hartley principle). 

Always operates as a crystal-controlled oscillator to 
avoid spurious frequencies. 


CIRCUIT ANALYSIS. 
General. Overtone circuits are basically of two types: 
one type uses a crystal which is ground for fundamental fre- 
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quency operation, and the other uses an overtone ground crys- 
tal. Since the circuits that use overtone crystals ate 

usually designed for specific types of crystals, this dis- 
cussion will be restricted to circuits which can use either 
type of crystal. If other types of circuits become more prev- 
alent, they will be discussed in later issues of this hand- 
DOOk. 

Since no discussion of basic overione crystal functioning 
appeared in the introductory discussion of electromechanical 
resonators, some basic principles are given to facilitate an 
understanding of circuit operation. The following figure 
shows the basic flexural vibration modes for fundamental, 
second overtone, third overtone, and fourth overtone opera- 
tion of a crystal bar. These modes are used at low fre- 
mencies only, where a bar producing | 
instead of a p 
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Crystal Flexural Vibration Diagrams for Lengthwise 
Vibrations 
Part 4 of the figure shows the basic of cperction 
at the fundamental Pas with the bar bending in the 
middle, and parts B, C, and D show second, third, and 
fourth overtone operation. In part B. note that the second 
harmonic flexing is of opposite direction, or phase, and that 
tha single plate extending the length of the crystai the 
bar cannot easily oscillate. On the other hand, the third 
overtone has the same motion or phase at both ends with 
Tn practice, the output on the third 
a single olate, but the output on the 
if net completely canceled, is so wenk that 
Gs practicaliy no prezoeiectric 
effect). By plating a single electrode enc tnen aissoiving 
the plating between nodes, it is possible to get free flex- 
3 ind piezoelectric effect from even overtones. €1 
separate! ly through each set of plates, or by using one or the 
other of the end plates for excitation as s! 
the figure. 

In the high-frequency crystal a different condition exists. 
Here the thickness shear mode is the mode of interest, and it 
is illustrated in the following figure. [t is clearly seen 
that the vibrations in this mode are as if the pie were: 
squeezed with a shearing motion, di : 
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Thickness Shear Vibration Diagrams 


appreciably affected by the spring pressure between the 
plates; that is, the mechanical friction is negligible. When 
operating on an overtone, the high-frequency crystal 
appears to be formed of layers with the motions occurring 
in opposite directions, It should be understood, of course, 
that the illustrations are exaggerated to convey the idea, 
Basically, a crystal does not oscillate on one frequency; 
it has numerous nodes and modes, which can be affected 
by changes in temperature and excitation, For example, 

it is possible to heat the crystal by overexcitation, Sie 


from a mode of operation a 


perature :o another mode of operation ut a higher tempera- 
ture. It is also possible to cut and grind it so that it oscil- 
lates most vigorously on a particuiar frequency. This then 
is the fundamental frequency for fundamental crystals, and 
the overtone frequency for overtone crystals. 

Overtone operation is r normally restricted to the odd 
harmonics on high-frequency thickness shear type crystais. 
Tn the circuit to be discussed, the crystal will operate only 
at the overtone frequency if ground for overtone operation. 
The circuit, however, wiil also operate ui an overtone of a 
fundementai type crystal (which is some odd multiple of the 
fundamental frequency}, but it will not operate at the fun- 
gementel frequency uniess the tank is tuned te 
tal frequency. It is possible to operate up to the third or 
fifth overtone with tundamentai crystais and up to the nintn 


cause if te 


ster ad te tho fundaman. 


academic interest, 1t should be no 
been made which will operate on ever 
exception rather than the rule; 


ch operate on odd nyertones are af practical 


ertone crystal is usually very thin, its 

ry important. ‘lheretore, it is usually plated 
and cenriecsa Y wile electrodes in a sealed conta. 
It is also very sensitive ta surface imperfections; for exam- 
ple, scratches that would noi ulfect the operation of the 
fundamental Suge can i prevent operation of the overtone 
crystal. a care should be observed in hand- 
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For operation of on overtone circuit, regenerative feed- 
back must be provided to assist in the starting of oscilla- 
tions, but the feedback must not be strong enough to cause 
free-running oscillgtions. Most circuits of this type are 
first designed to operate as free-running oscillators, and 
the amount of feedback is then reduced by the manufacturer 
until only the crystal controls the oscillation. Oscillation 
is usually vigorous, and the output at the third and fifth 
overtones (using a fundamental crystal) is almost as large 
as that ot the fundamental; at higher overtones, the output 
falls off quickly. The output depends so much upon the 
processing and manufacture of the crystal, however, that 
the highest overtone at which practical operation is possible 
is rather indefinite. Desianers have produced satisfactory 
outputs on overtones above the llth, but mostly with patented 
circuits and special components. In the transistor crystal 
oscillator, for example, overtone operation has been improved 
by the use of special transistors designed to minimize 
phase shift at very high frequencies. When this type of 
transistor is combined with an overtone crystal or a special- 
ly processed crystal, the results equal or surpass similar 
electron-circuit tube achievements, but the power output is 
less. 

Basically, the overtone crystal oscillator uses an induc- 
tive form of feedback, but it is not necessarily limited to 
that type. It just happens that at the present state of the art 
the inductive type is more popular. Although the tapped 
coil is primarily a Hartley feedback arrangement, it is closely 
similar to the tickler coil feedback arrangement. At the 
frequencies used, the tighter coupling of the Hartley arrange- 
ment and the ease of construction make it a more natural 
choice, 

Circuit Operation. A simplified schematic of the basic 
overtone semiconductor oscillator, using the common-emitter 
configuration, is shown below. It can be seen at a glance 
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Simplified Overtone Circuit 


that this is the basic Hartley Oscillator circuit with a cry- 
stal in series with the emitter feedback connection. For 
simplicity, bias and supply arrangements are not shown. It 
is assumed that the collector is reverse-biased and the base 
forward-biased, and that PNP junction transistors are used. 
The crystal can be either a fundamental or an overtone type. 
The tank circuit, consisting of L and C, is tuned to the 
overtone frequency desired. The principle of operation is 
exactly the same as the principle of operation of the basic 
Hartley oscillator, with proper polarity of feedback between 
the oppositely polarized collector and base being obtained 
by means of the tapped-coil arrangement. The difference in 
operation is primarily in the amount of feedback, with the 
portion of the coil between emitter and base producing just 
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enough feedback for easy starting with the crystal in place. 
In the self-excited Hartley, the tap on the inductor is nor- 
mally at or near the center of the coil, the number of turns 
between emitter and base being selected for strong and 
stable feedback. In the overtone oscillator the feedback 
coil usually consists of a few turns (no more than 3 or 4), 
approximately 10% of the total number of tank coil tums. 
This corresponds very closely to the tickler coil oscillator 
arrangement used in regenerative receivers, where it is 
possible to just produce oscillation with the regeneration 
control all the way on. The overtone oscillator regeneration, 
however, is adjusted so that the circuit will not quite oscil- 
late with the crystal out of the circuit, but will produce, 
strong stable oscillotion at the crystal frequency only (no 
spurious self-oscillation) with the crystal in the circuit. 

A typical overtone circuit with bias and supply con- 
nections is shown in the accompanying figure. The common- 
emitter circuit is used, and the crystal is in series with the 
feedback loop as in the basic schematic. Voltage divider 
bias is obtained through Rl and Rp, and the base resistor 
is bypassed for rf by Cg. An unbypassed emitter swamping 
resistor (Re) is used for stabilization. Actually, at the high 
frequencies used, it is probable that the distributed capaci- 
tance (shown in dotted lines in the schematic) across Rp 
and the resistor itself form a gtid-leok bias arrangement for 
amplitude contro} 7d that some designs may use a bypassed 
emitter. In the cir shown, the collector supply is by- 
passed by Cz, with. RFC connected in series between the 
negative collector supply terminal and L1, as a conven- 
tional series-feed arrangement. 


Overtone Crystal Oscillator 


Now consider one cycle of operation. When collector 
voltage is applied, bias divider Ri, Re supplies class A 
bias to the base, and collector current flows as in a conven- 
tional amplifier circuit. Assume thot o noise pulse causes 
the collector current to increase and that a voltage is de- 
veloped across the tank circuit (L1C1), which offers o high 
impedance at the resonant frequency. The voltage devel- 
oped across the tank is positive with respect to the supply 
end. The crystal offers a low-impedance path to the emitter 
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at series resonance. With the crystal connected near the 
supply end, that electrode is negative, and the electrode 
connected to the emitter is positive. Therefore, a voltage 
exists across the “erystal, causing it to deform in one direc- 
tion. The base of the transistor is connected for rf through 
Cp and C2 to the supply end of the tank coil. Thus the tank 
iy essentially connected between collector and base, with 
the emitter tapped tothe tank. This is eq 
typical Hartley-type of grounded-base feedback oscillator, 
which is effective only for the series-resonant frequency 
of the crystal, On either side of resonance the increasing 
crystal impedance quickly stops any feedback, and the cir- 
cuit will not oscillate. 

As the nojse pulse causes the collector current to in- 
, the teedoack to the emitter is pusiiive und the 
base end of the coil becomes more negative. Both the more 
negdtive base and the more positive emitter cause an in- 
crease in forward bias and ¢ greater Tee The collector cur 
rent incresses until the sueely voltage bottoms (cunnel go 
any lower). During this time the tank capaciter, Cl, is 
charging. The tank circuit now discharges and the polarity 
of the base and emitter feedback voltages change to pro- 
duce a reduced forward bias and a lowering of Ig. This 
causes the collector voltage to rise toward the supply vol- 
tage and become more negative. At the same time, since 
the polarity across the crystal changes, the crystal flexes 
in the opposite direction ds a result of piezoelectric action. 
This state of operation continues until the collector current 
cutoff point is reached; at this time a small flow of Icro 
{reverse current) occurs, but it has nn effect on operation 
other than to cause a lowering of efficiency. 
feedback ceases, the crystal flexes back toward its original 
resting condition and generates 4 piezoeiectric charge cnat 
starts coliector current flowing dqain, ond the cycle repeats. 
Emitter resistor Re is affected only by the d-c current flow, 
and operates as a simple swamping resistor for thermal 
compensation and stabilization. in some circuits the dis- 
tributed capacitance across Re is considered to cause it 
to operate in a manner similar to that of the electron-tube 
gtid leak. That is, the charge across this capacitonce 
holds the circuit {inoperative until the charge leaks off; too 
large a capacitance will effectively short the crystal. The 
cupocitance is shown in dotted lines in the above illustration 
because it is not considered necessary for operation. The 
output is taken capacitiveiy through ¢ Cee between collector 
and yeound, or, if des 
The tank circuit is tuned to ihe overtone freguune Ye 
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lector feed is provided tt 
for rt by Cb. The output is token capacilively from 
lector through C7, which is adjustable to match a SG-ohm 
load. Capacitor C3 is a base blocking and coupling capa- 

citor (it also affords a reducec tuning range for C2); it con- 
nects the base to the tank cirouit for rf and isolates it from 
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RAE Ch and the series versed to the emitter. in this 
circuit, C4 adjusts the phasing to ensure feedback of the 
proper polarity and to compensate for the phace lag in the 
transistor at high frequencies, it acts as a variable regen- 
eration control to permit the use of various types of crystals 
and replacement transistors. Inductor Ll is used to resonate 
out the effects of excessive crystal halder shunt capacitance 
at the frequency of ope At the series resonant aver 
tone the crystal offers minimum impedance and supplies 
maximum feedback from collector to emitter. Although tn 
omitter and collector are of the same polarity, or chase, 0 


quency of oper 
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7 one cycle ctoperation. when vaine3e 
apolied, the fixed hias, which is less than cutoit, permits 
ce Hoctor mirrant te finw, NOISE NUISe we 
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feedback is permitted at the series-resonant frequency, but 
is stopped on either side of resonance. 

The increased collector current induces a feedback 
pulse in the emitter-base portion of L2 ina direction which 
increases the forward bias, and, hence, the collector cur- 
tent. Capacitor C4 provides a phase-delay adjustment which 
can reduce the amount of feedback (or increase it, as de- 
sired) so that various types of crystals and transistors may 
be used. For the purpose of this discussion it can be con- 
sidered as short-circuited, since it is only a production type 
of compensator, and is not necessary to basic operation. 
Since the feedback action is regenerative, the collector 
Current continues to increase until the collector soturates 
and no further change can occur. At this time the crystal, 
which was initially deformed by the feedback potential be- 
tween the emitter and collector, flexes in the opposite di- 
tection, The polarity across the crystal produced by piezo- 
electric action also reverses, and the flow of emitter current 
is reduced; since the collector current is also reduced, and 
the feedback is regenerative, the collector is driven to cut- 
off. At this time a small cro (reverse current) flows, but 
it has no effect on operation except to lower the over-all 
efficiency. At this time Cl, which was charging during the 
conduction period, now discharges through Re. When the 
bias drops below cutoff, current again flows and the cycle 
repeats. During the reducing collector current period, the 
crystal is flexed in a direction opposite the initially caused 
deformation, and at cutoff it again flexes oppositely and 
resumes its original shape. Thus, the crystal is caused to 
oscillate, and in oscillating it provides a low-impedance 
path for the feedback, Because of its inherent stability, 
the crystal controls the frequency by permitting operation 
to occur at only one frequency. The basic tank circuit 
(L2, C2) functions in the conventional manner to supply 
energy during the nonconducting half-cycle, so that the neg- 
ative output alternation may be completed. This flywheel 
effect provides a sine-wave output through coupling ca- 
pacitor C7, instead of the distorted pulse which otherwise 
would occur. 

The circuit described above is capable of providing an 
output of 15 to 30 milliwatts at an efficiency of 30 to 35% 
toa 50-ohm load, and a maximum output of 100 milliwatts 
at an efficiency of 40 to 45% Under constant loading and 
controlled temperature, the short time frequency stability 
is plus or minus one port in one hundred million. The cir- 
cuit uses a fifth overtone crystal operating on 108 mega- 
cycles and a diffused base transistor. 


FAILURE ANALYSIS. 

No Output, Loss of output will result from the loss of 
bias or supply voltage due to an open- or short-circuited 
component; this condition is easily determined by checking 
for the presence of voltage. An incorrectly tuned tank 
circuit will prevent the crystal from operating and could 
result trom shorted turns or a shorted tuning capacitor, but 
at low voltages used, troubles of this kind ore rather un- 
likely with ordinary components. In miniaturized circuits 
where the current-carrying capacity is low, there is the pos- 
sibility that an overload can cause the inductor or leads to 
open. It is important, therefore, to use a meter having a 
very low full-scale current requirement, preferably in the 
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microampere region. A VTVM is preferable to the standard 
20,000-chms-per-volt meter, although with care both can be 
used interchangeably. A check of the forward and reverse 
resistances of the transistor will quickly determine whether 
it is at fault, Because of the low potentials involved, a 
high resistance or poor soldered joint can introduce exces- 
sive resistance and stop the circuit from oscillating. A 
defective, partially fractured, or dirty crystal can also prevent 
oscillation; the crystal can be checked by substituting a 
ctystal known to be good in its place. 

Reduced Output. Since the output amplitude is primarily 
controlled by the emitter swamping resistor and bias voltage, 
changes in these parameters can cause reduced output. 
Opening of the bias ground return resistor will place a high- 
er bias voltage on the transistor, and, depending upon the 
internal base-to-emitter resistance of the transistor, oscil- 
lations may be blocked entirely oz hard starting may result. 
Hard starting is usually a clear indication of a ditty or 
defective crystal. The value of the emitter resistance and 
its bypass capacitor will determine the output amplitude to 
a great extent; therefore, a partially shorted capacitor or 
increased resistance in the emitter circuit will reduce the 
amplitude. Such troubles can be easily located by making 
a resistance check of the few components in the circuit. A 
teduction of output may also be caused by short circuiting 
of the transistor elements or by mismatching of the transis- 
tor due to a change in the circuit values. This too is easily 
checked by making a resistance analysis and by measuring 
the forward and reverse resistances of the transistor. A 
combination of low forward resistance and high reverse re- 
sistance indicates a satisfactory transistor. If the forward 
tesistance is high or nearly the same value as the reverse 
resistance, the transistor is defective. If both resistances 
are zero, the transistor is short-circuited. 

Incorrect Frequency. Since the crystal is the frequency- 
determining component, an appreciable change in frequency 
indicates a defect or d change in the crystal, except where 
the tuned circuit is actually tuned to another overtone. 
Under normal conditions it is practically impossible to tune 
the tank to resonance at a different overtone unless the tank 
circuit components are defective. Although a fundamental 
type crystal will operate within the tolerances marked on 
the holder, it must be kept in mind that for overtone gen- 
eration of the crystal the tolerances will be multiplied by the 
overtone number (1, 2, 3, etc); hence, the tolerance range 
at the overtone will be much lorger. Oscillation will occur, 
not over the entire range of tolerances, but at a specific 
frequency within the range. On the other hand, overtone 
crystals are rated for their actual tolerance at the overtone 
frequency; therefore, operation outside this range indicates 
a defective crystal or spurious oscillations. As a result of 
changes in circuit components and transistor parameters 
with age, excessive feedback may occur at certain resonant 
frequencies and produce free-running oscillations. Usually 
these signals have a much rougher or more raspy sound and 
are less stable than the controlled oscillations. In the case 
where calibration capacitors or feedback controls are pro- 
vided, it is normal for them to control the frequency slightly 
so as to permit the crystal to be operated on its exact fre- 
quency. When no controls are provided, a change in ambient 
temperature can place the crystal in another class of tem 


7-B-28 


ELECTRONIC CIRCUITS NAVSHIPS 900,000.102 


perature compensation and change the actual overtone fre- 
quency. The temperature tolerance is shown on the crystal 
holder and is standard for a MIL type crystal. Minute im- 
perfections or partial fractures can also cause the crystal! 
to operate at another frequency. Return defective or dirty 
crystals to the crystal repair activity for servicing. 
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